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analysis tools have been developed to measure high energy x-ray spectra, source size, and
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and applications. Finally, MeV x-ray source characterization and radiography applications
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Laser wakefield acceleration (LWFA) produces beams of relativistic electrons [2, 3]
that can be used to generate directional x-rays [4] useful for several applications in science and
industry. A few examples of applications of LWFA-driven x-ray source are: imaging biological
samples [5], laser-driven shock fronts [6] and surface defects in alloys [7]. These applications
are enabled by the highly advantageous features of LWFA-driven x-rays [8]: a small µm-sized
source allowing for very small resolution in imaging applications, low divergence (< 50 mrad)
allowing the x-ray source to be placed far from an object, extremely broad (keV–MeV)
range of photon energy which enables energy selection to match the need of an application,
and synchronization with the drive laser to within 10’s of femtoseconds. These attractive
characteristics are attained by operating LWFA in the blowout regime [9] with Joule-class,
sub-50-fs-duration laser pulses.
By contrast, many High Energy Density Science (HEDS) facilities such as the National
Ignition Facility (NIF) at the Lawrence Livermore National Laboratory, the OMEGA Laser
at the University of Rochester, the Z-Machine at Sandia National Laboratories, and the
Laser Mégajoule at the Commissariat à l’Energie Atomique are all coupled to picosecond-
duration, kilojoule-class laser systems unable to operate in the blowout regime of LWFA.
The NIF, for example, is a laser facility designed for indirect drive fusion experiments. NIF
has 192 kilojoule-class, ns-scale laser pulses which are frequency tripled and focused in an
asymmetric polar configuration. These beams are frequently utilized for high energy density
(HED) and inertial confinement fusion (ICF) experiments [10, 11]. The OMEGA laser
1
similarly utilizes 60 kilojoule class, ns-scale laser pulses to drive HED and ICF experiments.
OMEGA, however, has a symmetric laser distribution around a spherical target chamber
enabling direct drive fusion experiments. The Z-Machine uses extreme electric currents
flowing through small wires to conduct z-pinch experiments. The high current flow through
the wires causes the wires to attract to one another, pinching in a cylindrical symmetry.
Experiments at each of these facilities produce dense transient states of matter which can
be probed through the use of high energy x-rays.
Figure 1.1: Comparison of x-ray sources from various platforms on NIF with self-modulated
laser wakefield acceleration driven x-ray sources on the Titan laser system. Figure provided
by Dr. Félicie Albert, LLNL.
Understanding the relationships between temperature, pressure, and density in the
extreme environments created at these large facilities is crucial and has implications in
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planetary science [12], inertial confinement fusion [10], and laboratory astrophysics [13]. A
limiting factor at these facilities has been the quality of x-ray sources available to diagnose
experiments. To generate an x-ray source in tandem with the NIF beams, for example,
the advanced radiographic capability (NIF-ARC) was developed and is used to generate
bremsstrahlung and line emission x-ray sources through laser solid interactions. NIF-ARC
achieves the relativistic laser intensities needed for high photon flux x-ray sources through
chirped pulse amplification (CPA) of 4 NIF beams [14]. This allows NIF-ARC to deliver a 1
to 10 ps laser pulse with > 250 J of energy, reaching a peak laser intensity of ≈ 1018 W/cm2.
Figure 1.1 shows a comparison of existing x-ray sources on the NIF platform with sources
driven by self-modulated laser wakefield accelerated (SM-LWFA) electrons. The existing x-
ray sources use K-shell emission [15] for compton radiography, imploding fuel cell continuum
emission [16, 17] for EXAFS and opacity measurements, respectively, and bremsstrahlung
[18] radiation sources for large area back-lighting. While they provide high photon flux, there
are gaps in the energy spectra which, at present, have no competing x-ray source available.
LWFA-driven sources, as shown in figure 1.1, have the potential to enable ultrafast
resolution of dynamic experiments and provide measurements with unparalleled spatial res-
olution [19, 20, 1] at energy ranges where no x-ray source is currently available. While
the promise of such x-ray sources is evident, optimization of LWFA-driven x-rays with the
picosecond-duration lasers available at HEDS facilities necessitates a detailed understanding
of the underlying physics of electron beam generation mechanisms—not in the LWFA regime,
but in the self-modulated LWFA (SM-LWFA) regime [21], which is as yet incomplete.
Additionally, a characterization of SM-LWFA-driven x-ray generation mechanisms are
needed to determine viability as a compact, versatile x-ray source to probe dense, transient
states of matter created during high energy density (HED), inertial confinement fusion (ICF),
and laboratory astrophysics studies. To date, research in x-ray source development at NIF
and OMEGA has primarily focused on the development and improvement of laser-driven
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bremsstrahlung and line emission backlighters [22, 23, 24, 25, 26]. The backlighter sources
have been used to provide critical insight into various experimentally unexplored processes
like shock propagation through materials [27], instabilities in compressed gas [28], and the
shape and velocity of imploding shells [29, 30]. These sources commonly produce energies
< 20 keV with laser to x-ray conversion efficiencies of a less than a few percent in some
materials, and have large source sizes, > 250 µm [25, 26, 31]. The large source size from
these backlighters can be mitigated with pinholes to reduce the effective source size and
increase the resolution of radiographic images by sacrificing photon flux and contrast of the
image [22, 23]. An improved x-ray source to be used in similar experiments at NIF and
OMEGA would need to have a broad energy range (few keV to MeV), high photon flux
(> 1010 photons/keV/sr), and small source size (< 20 µm).
The work presented in this dissertation will detail the work to develop and characterize
an x-ray source driven by SM-LWFA on kilojoule class, ps laser systems and applications
to static x-ray radiography experiments. Additionally, work with laser-solid interactions to
generate bremsstrahlung radiation is explored and characterized. While additional work is
needed to properly compare the laser-solid and SM-LWFA driven MeV x-ray sources, the




Electron Acceleration with Laser Plasma Accelertors
2.1 Introduction to Laser Plasma Interactions
2.1.1 General Plasma Definitions
Plasma is generally regarded as the fourth state of matter, taught in many primary
school curricula after the introduction of solid, liquid, and gas states. Plasma, unlike solids,
gases, and liquids, is an introduction to states of matter which are more abstract to our
everyday interactions with the world. Plasma is a state of matter which can have densities
ranging from a low gas-like density to high solid densities. However, unlike gases and solids,
plasma is ionized, allowing the electrons to move unbound to constituent atoms. The un-
bound, high-energy electrons introduce new physical processes and mechanisms which can
be used in applications as far reaching as producing light in homes to the manufacturing of
computer processors. Plasma is also a highly abundant state of matter in planetary atmo-
sphere and stars, motivating laboratory experiments which simulate hard to reach cosmic
processes.
A plasma can be defined more rigorously through the plasma parameter:
Λ = 4πneλ3D (2.1)




is the Debye length,
where kbTe is the temperature of the electron population in units of energy, and ε0 is the
permittivity of free space. When the plasma parameter is much greater than 1, the plasma
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is considered ideal and can be characterized through collective behavior rather than single
electron interactions. The plasma parameter is dictated by the Debye length which is the
characteristic distance over which the electrostatic potential of a charged particle falls off by
1/e. A large Debye length, as seen in eqn. 2.1, indicates unbound electrons able to interact
over large distances causing collective behavior. For this reason, plasmas can be described
through fluid equations, i.e. when describing plasma expansion, as well as kinetic equations,
i.e. particle in cell simulations.
There are several plasma parameters of importance to describe a plasma fully. Among
this list is the plasma frequency, used to determine the most fundamental time scale of a








where ne is the electron number density, e is a unit charge of the electron, me is the
mass of an electron, and ε0 is the permativity of free space. This equation indicates that by
controlling the density of the plasma, the fundamental time scales of that plasma will scale
as the square root of the density variation. This plays an important role in the control of a
LWFA described in future sections.
From the plasma frequency equation, we can now derive the critical density of a






where ω0 is the light wave frequency. The critical density dictates the radiation fre-
quency at which the plasma will appear transparent to an incoming light wave or, conversely,
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reflective. For a given laser frequency, the plasma density can be varied to be above or below
the ncrit of a plasma to control the laser plasma interactions. A plasma which is below the
ncrit, ne/ncrit << 1, of an incoming laser is said to be underdense, and a plasma above the
ncrit value is overdense, ne/ncrit >> 1. While the light wave is reflected from the surface of
an overdense plasma, there is a characteristic depth in which the light wave can travel into





where c is the speed of light. The skin depth of the plasma is an important parameter
for laser-solid interactions as solid densities typically create overdense plasmas which will
quickly reflect the laser light, sending laser energy away from the intended interaction region.
2.1.2 High Intensity Lasers
One way to create plasma is through the interaction of an intense laser pulse with











where E0 is the electric field of the laser, IL is the intensity of the laser in W/cm2,
and λ is the laser wavelength in µm. The a0 of a laser is the dimensionless threshold of a
laser intensity in which electrons will undergo relativistic oscillations in the laser field. For
a0 >> 1 the laser plasma interaction is relativistic.
For a0 > 1, an electron oscillating in the laser electric field will experience a net
gain in momentum through the ponderomotive force. This is caused by the magnetic field
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component of the laser pulse to no longer be negligible. The force on an electron oscillating
in an electric field is given by:
F = mẍ = −e (E + v×B) (2.6)
where ẍ is the acceleration of the electron, e is the fundemental charge, E is the
electric field, v is the electron velocify, and B is the magnetic field. For low laser intensity
interactions, the electron motion is dominated by the laser electric field, causing transverse
oscillations of the electron in the laser field. This electron motion is called the quiver velocity
and is obtained by setting the magnetic field component to zero, B = 0 in equation 2.6. The











The quiver velocity describes the motion of the electron oscillating in the laser electric
field, transverse to the laser propagation direction, where the magnetic field component is
negligible. However, for and intense laser pulse with a finite spatial and temporal size,
the laser pulse can accelerate electrons through the ponderomotive force. This force can be
derived by expanding the electron position into a super position of motion in a fast oscillation
caused by the electric field and a slow drift due to a slow changing envelope as follows:
x(t) = xf (t) + xs(t) (2.9)
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where xf (t) is the fast moving electron in the electric field oscillations, and xs(t) is
the electron drift caused by the slowly varying envelope, and the time average 〈x(t)〉 = xs(t).
Taylor expanding the electric field around the slow varying electron position results in the
following:
E(x(t), t) = E(xs(t) + xf (t), t) ≈ E(xs(t), t) + (xf (t)· ∇)E(xs(t), t) (2.10)
We then calculate the electron position in the fast oscillating field by inserting the
taylor expanded electric field into equation 2.6 where the magnetic field is neglected:




where q is the electric charge, me is the electron mass, and ω the oscillation frequency
in the field. We then solve for the slow drift of the electron while including the effects of the
magnetic field.
mẍs(t) = m〈ẍ(t)〉 = q〈E(x(t), t) +
q
c
〈v× E(x(t), t)〉 (2.12)
where
〈E(x(t), t) ≈ 〈(xf (t)· ∇)E(xs(t), t)〉 (2.13)
and
〈v× E(x(t), t)〉 = 〈vf ×Bs〉 ≈
−qc
4meω2
(E(xs(t)× (∇× E(xs(t), t)) (2.14)
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where ∇ × E = ∂B
c∂t
is substituted in. Plugging these results into equation 2.12 and
using the vector formula ∇|E| = (E· ∇)E + E× (∇×E) results in the final ponderomotive





Therefore, electrons interacting with an intense laser pulse will be pushed away from
areas with the largest gradient in laser intensity. Given that F = −∇φp, where φp is the
ponderomotive potential. We then get φp = I2cncrit and we can calculated an expected
potential for typical experimental conditions. For a laser wavelength of 1 µm, and a laser
intensity of 5 × 1018 W/cm2 we get that φp ≈ 0.5 MeV. This force is responsible for many
of the processes discussed in this dissertation including the formation of a laser wakefield
accelerator and electron acceleration in laser solid interactions.
Another important concept in high intensity laser plasma interactions is that of self
focusing. Self focusing of a laser pulse occurs in a plasma when the index of refraction,
defined as n = c/vp = ck/ω where vp is the plasma velocity, and k is the wave number, for
the plasma increases as laser intensity increases. For a high enough laser intensity, the index
of refraction adds a 2nd term which is dependent upon the laser intenstiy, n = n1 + n2I.






We then make a correction due to relativistic electron mass effects caused by the
transverse oscillations, ω2p =
ω2p
γ
and convert to experimental variables using the plasma
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density and critical density definitions to obtain:
n = 1− ne2γnc
(2.17)
Setting the 2nd term to be equal to the intensity dependent portion of the index of
refraction definition gives us that n2 = 2neγnc . This effect causes the laser pulse to be focused
inside the plasma until laser power diminishes too much to sustain the effect or diffraction
becomes dominant. For a Gaussian laser pulse to be self focused in a plasma it must then





If the laser power is below this value, self focusing will not occur. For a 1 µm laser
pulse and a plasma density of 1× 1018 cm−3, the critical power is Pc = 1.7× 1013 W.
Self focusing is an important concept for laser wakefield acceleration as it allows
a laser pulse to be guided in an under-dense plasma for distances much greater than the
Rayliegh length in vacuum.
2.2 Laser Wakefield Acceleration
A laser wakefield accelerator is generated when a laser pulse interacts with an un-
derdense plasma, driving a plasma wave, and accelerating trapped electrons. Through the
ponderomotive force, eqn. 2.15, electrons are pushed radially away from the laser pulse and








, where vp is the plasma wave velocity, kp is the plasma wave number, and
vg is the group velocity of the laser pulse [2]. We can begin describing the laser wakefield
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accelerator in the simplest case using a 1D linear regime. We start by assuming a sinusoidal
plasma density perturbation as follows:
δne
ne
= δsin(kpx− ωpt) (2.19)























While this description of the wakefield is in a simple 1D linear regime, it provides a
good understanding of the maximum electric field gained from a sinusoidal electron density
perturbation. The maximum electric field can also offer a quick means of calculating the
maximum electron energy a simple linear wakefield can provide. For example: an electron
accelerated in the electric field created by a plasma density of ne = 1 × 1018 cm−3 over a
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length of 1 mm is 97 MeV, assuming the electric field is at maximum for the 1 mm length.
One limit to the maximum energy an electron can gain from a LWFA is the dephasing
length Ld, which defines the maximum length an electron can travel before out running the
accelerating electric field. For the linear wakefield presented above, the density wave and
electric field are π out of phase. This means an electron can travel half the length of the
plasma wavelength λp before it begins to lose energy to the decelerating area of the electric
field, kp(Ld − vpt) = π and Ld = λp2(1−vp/c) .
The laser wakefield accelerator can be expended upon to a 3D linear regime (a0 << 1)























is the normalized density perturbation, and φ is the electrostatic wake
potential. Solutions to these equations describe the wakefield energy and density for a0 << 1














dt′sin(ωp(t− t′))∇2a20(r, t′) (2.27)
These solutions indicate that for the linear regime of wakefield acceleration the plasma
density wave and energy can be described with a simple sinusoidal oscillation at the plasma
frequency. Additionally, for the laser pulse to maximize efficiency in wake generation, the
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laser pulse must be on the order of the plasma wavelength and the radius is on the order of
the laser spot size.
In practice, operating in the linear regime of laser wakefield acceleration offers the
benefit of having an easily control-able interaction over long propagation distances (few cm),
but requires electron injection schemes to trap and accelerate electrons. A far more common
method of laser wakefield acceleration is that of the non-linear regime where a0 >> 1 and
can no longer be described by cold fluid equations. Instead the nonlinear case of LWFA is
primarily studied using particle in cell simulations of the laser plasma interaction. In the
nonlinear regime of LWFA, the plasma density and electric fields can no longer be described
with a simple sinusoidal oscillation and instead have steep nonlinear gradients. Additionally,
the nonlinear regime offers a self-injection [32] method of trapping and accelerating electrons
through wave breaking [21].
For an electron to become trapped in a wakefield, there is a minimum and maximum
electron momentum which is dependent upon the electron velocity and the plasma wave
potential φp. The electron momentum needed for trapping in a wake potential is given
by [3]:
pm = γpβp(1 + γp∆φp)± γp
[
(1 + γp∆φp)2 − 1
]1/2
(2.28)
where ∆φp = φmax − φmin and φmin,max are the minimum and maximum of the
wake potential. Initially the electron energy will be out run by the plasma wave, slipping
backward with respect to the plasma wave frame. However, if the electron gains enough
velocity upon reaching the correct phase of the plasma wave (ψ → −π), determined by
eqn. 2.28, the electron will be trapped and accelerated in the plasma wave. This trapping,
which is dependent upon the electron velocity and plasma wave electric fields, are described
in the phase space separatrix found in [3]. Electrons which have too low momentum upon
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reaching ψ → −π will continue to be overtaken by the plasma wave and electrons with too












Figure 2.1: (a) Shows the formation of a LWFA in the blowout regime highlighting the
formation of the electron free cavity and the trapping of electrons. (b) Shows electrons
being expelled radially due to the ponderomotive force of the laser pulse. (c) Highlights the
trapping and acceleration of electrons in the electron free bubble caused by the laser pulse.
The most common nonlinear LWFA regime use in university research is the blowout
regime. It is the most common due to the prevalence of short pulse (< 50 fs), moderate
energy (< 10 J) laser systems in university laboratories. These laser systems can easily
produce a0 > 1 entering the nonlinear regimes of LWFA. The blowout regime is created
when a laser pulse with an 2 < a0 < 4 and pulse length ' 1/2 the plasma wavelength (λp)
interacts with an underdense plasma. The laser pulse pushes electrons radially away from
regions of high intensity through the ponderomotive force, fig. 2.1 (b), creating a trailing
region void of electrons. The powerful, non-linear electric fields generated through the space
charge separation reaches a maximum in which electrons are trapped in the blown-out region
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and accelerated longitudinally, fig. 2.1 (c).
Operation in this regime can described through a series of matching conditions to
allow the short laser pulse to be guided through self focusing in the plasma. By matching
the laser pulse size with the plasma following the matching condition [9]:
kpR ' kpw0 = 2
√
a0 (2.29)
where kp is the plasma wave number, R is the laser spot radius, and w0 is the laser
waist size. If this matching condition is fulfilled, the front edge of the laser pulse will locally
pump deplete and etch backward allowing the remainder of the laser pulse to be self guided
inside the plasma.
Through simulation work, the etching speed or pump depletion of the laser pulse is





where τFWHM is the laser pulse length. The etching distance describes the distance
over which the laser pulse will lose sufficient energy to no longer sustain the LWFA. Addition-
ally, the laser pulse etching causes the wake velocity to be modified such that vφ = vg− vetch
where vg is the group velocity, and vetch is the etching velocity. This modification to the
velocity causes the wake to move slower than the group velocity which in turn allows ac-
celerating electrons to outrun the wake. This distance, the dephasing length, dictates the
maximum distance an electron will gain energy from the wake and is given specifically for






Considering these limitations on how much energy a trapped electron can gain from
the wake, we can then determine a simple formula for how much energy to expect from such
an accelerator. Consider the formula:
∆E = qEwakeLd (2.32)
where Ewake is the average accelerating electric field, and Ld > Letch so that electrons
gain the maximum energy before the laser has pump depleted. The maximum energy gained











where P is the laser power given in TW, ne is the electron number density given
in cm−3, and λ is the laser wavelength in µm. This engineering formula for the maximum
energy gain shows that for currently available laser powers, energies of more than a GeV are
realistically obtainable in very short distances.
The resulting accelerated bunch of electrons gain the majority of their energy due to
the longitudinal electric fields and are guided in a channel with a similar size to that of the
laser spot size, assuming matching conditions have been followed. This small angular spread
causes the resulting electron beam to be very low divergence, mrad scale, and very small
source size, µm scale.
2.2.2 Direct Laser Acceleration
During the acceleration process in the blowout regime of LWFA, there is no overlap of
the driving laser pulse with the accelerating electron bunch, fig. 2.2 (a), due to the matching
conditions to operate efficiently. However, schemes in which the electron bunch does overlap
with a laser pulse, for example the self-modulated laser wakefield acceleration regime, by
17







Figure 2.2: (a) Shows that DLA cannont occur when the laser pulse does not overlap the
accelerating electrons, typical in the blowout regime of LWFA. (b) Shows that by alongating
the laser pulse, the electrons now experience DLA and bunch up along the extremes of the
transverse oscillation.
adding a 2nd trailing laser pulse or stretching the laser pulse to create overlap, will introduce
an additional acceleration mechanism called direct laser acceleartion (DLA), fig. 2.2 (a).
Electrons which are trapped off axis in a LWFA will undergo transverse oscillations at
the betatron frequency (ωβ = ωp√2γ )caused by restorative forces in the wake. These restoring
forces are caused by the high negative charge at the transverse boundary of the wake and
the positive charge of the near stationary ions in the wake. The restoring force in a blown





where φE is the electric flux through a surface, and Qenc is the charge enclosed by
the surface. Assuming a cylindrical symmetry for the surface choice and plugging in for the
enclosed charge:








⇒ E = −ener⊥2ε0
(2.37)
where r⊥ is the radius from the center of the wake, and lc is the length of the imaginary
cylinder. Using the definition of the plasma frequency and coulomb force, F = qE, we derive






where r⊥ is the electron vector pointing from the laser axis. Electrons which are
trapped off axis will be attracted to the axis of blown out region due to the positive charge,
over shoot, and be repulsed by the negative charge at the edge of the boundary with strength
described by eqn. 2.38. This restoring force equation shows that by increasing the plasma
density, the forces causing the electrons to oscillate will similarly increase as Fres ∝ ω2p ∝ ne.
However, due to the plasma wave size being inversely proportional to the plasma density,
λp ∝ n−1/2e , the electron oscillation radius must remain less than the plasma channel radius,
R, or it will be expelled from the channel r⊥ < R.
Electrons oscillating at the betatron frequency will gain energy directly from an over-
lapping laser electric field as long as a resonance condition is met. The resonance condition









where N is an integer denoting the harmonic of the betatron frequency, v|| is the
longitudinal velocity of the electron, and vφ is the phase velocity of the laser. Electrons
oscillating in the transverse direction at the betatron frequency following this resonance
condition will experience a net gain in energy from the laser electric field. This is because
the laser pulse will overtake the electron by one full period of oscillation in the time it takes
the electron to complete one oscillation, causing the electron to remain in the accelerating
field rather than gaining and losing energy equally.
However, as introduced in the LWFA section through laser etching, the laser frequency
evolves throughout its propagation through the wakefield, making the RHS of eqn. 2.39
change as a function of time. Additionally, the betatron frequency will change due to the
electrons gaining energy from the wake electric field and the betatron frequency depending on
γ. Therefore, an electron which begins oscillations matching the resonant matching condition
will quickly become out of phase with the evolving laser frequency. Simulation studies have
shown that electrons will undergo complex, discrete ”slips” and ”jumps” in frequency after
losing energy to the laser electric field until all energy gain has been lost or the electron
regains the resonance condition at a new matching condition, as shown in [33, 34, 35], and
continue to gain energy in the regions where the resonance condition is met.





where E⊥ is the transverse laser electric field, and v⊥ is the transverse velocity of
the electrons. The work done on an accelerating electron through this mechanism will be
positive, energy gained, so long as the electric field or the electron velocity are negative.
Additionally, this work calculation shows that the energy gained by the electron scales as
a function of the transverse velocity which is primarily caused by the restoring force in the
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wake. Therefore, the energy gained through DLA, assuming the resonance conditions are
maintained, will scale as a function of plasma density, ne, as well as the laser electric field.
For electrons in betatron oscillation in a LWFA plasma wave, the net effect is shown
to be a positive energy gain [35]. The additional energy gained through DLA increases the
radius of the electron oscillation, similar to the diagram in fig. 2.2 (b), due to the increased
transverse momentum gained through interaction with the transverse laser electric field. This
transverse momentum also increases the electron divergence along the laser polarization axis
as explored in [33, 35].
Due to the larger radius of oscillation, electrons which gain an energy enhancement
through DLA will have a larger divergence upon exiting the accelerator and, when dispersed
in energy, a ”forking” feature has been observed in high energy electrons where DLA domi-
nates [35, 36]. This forking feature occurs parallel with the laser polarization due to electrons
oscillating in this plane gaining additional transverse momentum from the electric field which
is then converted to a higher longitudinal energy through v × B. Additionally, due to the
larger oscillation radius, electrons will spend more time at the extremes of these oscillations
causing a higher density of electrons to maintain the enhanced transverse momentum upon
exiting the accelerator. The electrons will also ”bunch” at these extremes due to the axial
ponderomotive force, similar to effects seen in free electron lasers (FEL) [37]. This combina-
tion of enhanced transverse momentum and bunching along the extremes creates the forking
features observed experimentally.
This forking features and contribution of DLA will be explored further in Chatper 4.
2.2.3 Self-Modulated Regime
As mentioned in the introduction, large laser facilities do not, currently, have access
to short pulse laser systems capable of operating in the blowout regime of LWFA. Instead,
















Figure 2.3: Schematic detailing the formation of a SM-LWFA. As the laser pulse propagates
through the plasma, it begins to modulate due to Raman and self-modulation instabilities
at the plasma frequency until wave breaking in which electrons are trapped and accelerated.
with their facilities. These laser systems are ideal for driving a regime of LWFA called the
self-modulate regime.
To operate in the self-modulated regime, the drive laser pulse must have a length
greater than that of the plasma wavelength (τ >> λp). The transverse self-modulation
instability resembles the Raman forward scattering instability, which is a longitudinal effect,
and occurs simultaneously. Raman scattering is a laser plasma instability which follow the
below matching conditions [38]:
ω0 = ωR ± nωp (2.41)
k0 = kR ± nkp (2.42)
Electrons in the plasma will scatter off an incident photon and radiate a scattered
photon given these matching conditions 2.412.42. The scattered light will then interfere with
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an incident electron causing a resonant variation to the laser pulse. The resonant variation
is in phase with the plasma density perturbation, δne, which increases the amplitude of the
scattered light wave, driving an unstable interaction in which the density perturbation and
scattered light wave grow in amplitude [38]. Figure 2.4 shows an experimentally measured
laser spectra after it has driven a SM-LWFA. The measurement was done using an imag-
ing spectrometer where the central wavelength was aligned off the ccd camera to prevent
saturation. This plot has three separate shots under identical laser and plasma conditions
each showing intensity peaks at harmonics of the plasma frequency. This measurement is an
indication of operating in the SM-LWFA regime due to the characteristic laser modulations
caused by Raman scattering.
In 2D self-modulation occurs from the periodic plasma wave generated which creates
localized regions of focusing and diffraction causing the laser pulse to break up into a train
of smaller pulses and drives multiple wakes [3]. The feedback loop created through the self-
modualtion and Raman instabilities occur until a maximum plasma amplitude is reached and
wave breaking occurs [21]. Electrons are then injected into the plasma wave and accelerated
due to space charge separation in the plasma wave. Fig. 2.3 shows a diagram of this process
in 1D and 2D.
Similar to the blow-out regime, a SM-LWFA requires the driving laser pulse to be
self guided in the plasma by having a power greater than the critical power of the plasma,
P > Pcrit. Additionally, since the SM-LWFA doesn’t require the laser pulse to be shorter than
the plasma wavelength like that of the blowout regime, operation at higher plasma densities
(> 1018 cm−3) to increase the electric field strength is more easily achievable. The electron
dephasing length is shorter at high plasma densities, aiding in the spread of electron energies
typical in a SM-LWFA. The broadband electron energy spectrum produced in a SM-LWFA
can be attributed to the continual process of trapping and dephasing in the shorter plasma






Figure 2.4: Three experimental measurements of the drive laser frequency modulations
caused by Forward Raman Scattering. Each curve is a separate laser shot under identi-
cal laser and plasma conditions.




T2 , where C1,2 are constants defining the
amplitude, Ee is the electron energy, and T1,2 are the temperatures. The first temperature
distribution can be attributed to the wake acceleration caused by the longitudinal electric
field in the plasma wave. The second temperature arises from DLA contributions to the high
energy electrons.
Due to the long laser pulse used to drive a SM-LWFA, DLA will play a prominent
role in the net electron energy gain. Electrons which are trapped off axis of the accelerator
will undergo oscillations in the transverse direction caused by restoring forces in the plasma,
eqn. 2.38. These oscillations are then converted to a longitudinal energy gain through DLA,
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eqn. 2.40 of the overlapping laser pulse. This interplay in acceleration is explored further in
chapter 4. The transition energy between the two temperatures is complex and will vary as
a function of: 1) plasma density, which scales the size of the plasma wave and determines
the strength of both the wake electric field strength and the restoring forces; 2) laser electric
field, which determines how much energy can be gained through DLA as well as the plasma
wave; 3) Accelerator length, which will determine how many electrons reach the dephasing
limit and determine if DLA is maximized. However, a review of experimental results show
the transition region to be 75 to 100 MeV for three very different experimental configurations:
≈ 80 MeV in a quasi-blowout regime [35], ≈ 100 MeV for a high density, high a0 regime [33],
and 70 MeV for a low density SM-LWFA [36]. These results suggest the transition from
wake dominated electron acceleration to DLA dominated acceleration is a reasonably stable
transition. For extreme parameter changes, like a very high a0 from a multi-petawatt laser,
DLA is expected to dominate at much lower energies due to the ponderomotive force causing
ion channel formation much sooner in the accelerator.
The advantages of using a SM-LWFA is due to fewer laser and plasma matching
conditions for effective operation and enhanced charge due to trapping electrons in multiple
plasma periods. In general terms, the blow-out regime accelerates 10s of pC of charge,
whereas the SM-LWFA has deomnstrated beams of electrons containing 10s to 100s of nC [1].
Similar to the blowout regime, the resulting accelerated beam of electrons will have a small
(mrad scale) divergence, and a temporal size similar to that of the driving laser pulse.
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Chapter 3
X-ray Sources from Laser Plasma Accelerators
3.1 X-ray Generation Mechanisms
The previous chapter discusses the way in which electrons are aceelerated using un-
derdense laser plasma acceleration. This chapter will focus on how to generate high energy
photons using these relativistic electron beams. At the most basic level, an electron under-
going an accelerating force will emit a photon to release energy. This idea is expanded upon
through various x-ray generation mechanisms. Betatron radiation, for example, is generated
when relativistic electrons oscillate transversely within a LWFA plasma. These oscillations
cause the electron to emit photons as a means of releasing energy during the deceleration
process. Increasing the strength of the oscillation driver as well as starting with a higher
energy electron will, in general, increase the emitted photon energy. The greater the number
of oscillating electrons, the greater the number of emitted photons.
In general, the photon spectrum emitted along the observation direction ~n given an
electron acceleration ~̇β, velocity ~β, and position ~r is derived through the Lienard-Wiechert















which describes the energy radiated per frequency dω per solid angle dΩ. There are
several general statements that can be made about an electron emitting a photon given
this equation. The first is that for an electron experiencing no acceleration, ~̇β = 0, no
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radiation will be emitted. Additionally, the term 1(1−~β·~n)2 indicates maximum emission when
the electron is relativistic and travelling parallel to the observation axis, i.e. ~β·~n → 1.
These qualitative remarks are especially useful due to the electron source from an LWFA
are relativistic and have mrad divergence along the beam axis. The LWFA driven electron
beams are then, qualitatively, a valuable tool for x-ray generation.
In this chapter we will explore the main three methods we have explored to generate x-
rays using the relativistic electron beams generated in a SM-LWFA. We will first explore the
Betatron mechanism which generates x-rays through transverse forces in a plasma channel
during the acceleration process in a SM-LWFA. The Inverse Compton Scattering mechanism
produces x-rays through electron oscillations in an intense laser field. Finally, bremsstrahlung










Figure 3.1: Diagram of betatron radiation. Betatron radiation occurs during the acceleration
process in a LWFA. Electrons which are trapped off axis oscillate in the transverse direction,
due to restoring forces of the plasma wave, and emit high energy photons.
27
Betatron radiation is emitted by electrons oscillating in the transverse direction during
the acceleration process in a LWFA caused by restoring forces described in eqn. 2.38 and
shown in fig. 3.1. In the absence of longitudinal acceleration, this motion can be described






where oscillations are purely driven by the restoring forces of the wake. We can




, where γ = (1 − v2
c2
)−1/2 is the lorentz factor. We then apply this




Eqn. 3.2 also provides solutions to the electron position and velocity ignoring longi-
tudinal acceleration as follows:
x = x0sin(ωβt) (3.4)
v = x0ωβcos(ωβt) (3.5)
An electron oscillating in the restoring electric field as described will emit photons
with a wavlength similar to λγ ' λβ2γ2 , where λβ =
2πc
ωβ
[40]. The factor of 2γ2 comes from the
conversion of lab frame to electron frame and back to the lab frame for the emitted radiation.
For electron energies typical in a LWFA this scaling indicates high photon energies are easily
accessible to moderate laser systems. For a 25 MeV electron, the betatron wavelength is
λβ ≈ 300µm which is much shorter than mm scale magnetic undulators.
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For very high wiggler strengths (K >> 1)) where K = γkβr0, the emitted photon
spectrum becomes broadband and must be described using a more complex picture which
includes the longitudinal components to the equation of motion. The coupled equations of

































where β = v/c and rβ is the electron radius.
To calculate the energy distribution of emitted photons per frequency per solid angle
we can calculate the integral in eqn. 3.1. For short pulse duration and emission along
the observation axis, the electron trajectories can be approximated over small arcs. This
integration is given by [39] and results in the general solution for power radiated per frequency



















where ρ = c2
v̇⊥





(1 + γ2θ2)3/2 where
ωc is the critical frequency of betatron emission, and K are modified bessel functions. The
critical frequency ωc ' 3Kγ2ωβ is the frequency at which the emitted spectrum is peaked.
We can then define the critical energy as the point at which half the energy of a spectrum
resides, which is given in practical units by:
Ec[keV ] = 5× 10−24γ2ne[cm−3]r0[µm] (3.9)
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Figure 3.2: Plot of eqn. 3.10 for different critical energies Ec.
The γ of an electron can be quickly calulated using the approximate form γ = Ee
mec2
,
where Ee is the energy of the electron, and mec2 is the electron rest mass in units of en-
ergy. Due to the Ec of the betatron radiation being dependent upon the radius of electron
30
oscillation, to maximize the energy one seeks to increase the radial size of the LWFA or
enhance this radius through transverse electric fields, DLA. In addition, due to the added
DLA component during acceleration, the SM-LWFA has been shown to produce betatron
radiation with a critical energy of 10 keV and photon number > 109 photons/ev/Sr [19].
Since the electron oscillations are constrained in size by the LWFA plasma channel forces
and the angular spread of the emitted radiation scaling as θ ≈ 1/γ, this method of x-ray
generation has a very small source size (10s of µm scale). It has been measured to be below
40 µm in the SM-LWFA regime and smaller still in the blowout regime at lower plasma
densities.
Due to the broadband electron energy spectrum produced in a SM-LWFA and the
broadband emission typical for wiggler strengths K >> 1, the betatron radiation from a
SM-LWFA, similarly, follows a broadband energy distribution. This broadband distribution














where eqn. 3.8 has been reduced by assuming on axis radiation θ = 0. Here Eγ is
the photon energy, and K 2
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is the modified bessel function. This distribution is broadband
following the electron energy distribution and decays exponentially after the critical energy.
An example of this equation is plotted in fig. 3.2 for 4 different values of Ec. This plot shows
that for higher Ec the emitted spectrum shifts to higher energies and broadens in energy
distribution. The total number of photons emitted depends upon the number of electrons
undergoing oscillations and for how many oscillations. The average number of photons
emitted per electron per oscillation is N = 5π√3γα , where α is the fine structure constant.
Therefore, to maximize emitted photon number, higher charge and energy in the electron
source is desirable. For this reason, the SM-LWFA regime is ideal due to being capable of
accelerating > 10 nC of charge to relativistic energies. Due to the critical energy scaling and
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decaying energy distribution, this x-ray generation mechanism provides the brightest x-ray
source driven by SM-LWFA below ≈ 40 keV [1]. Above 40 keV, x-ray generation mechanisms
with higher energy scaling with electron energy produce brighter sources. The first of these
mechanisms is Inverse Compton Scatter.









Figure 3.3: Diagram of the Inverse Compton Scattering process. Here a low energy photon
collides with a relativistic electron. The photon is upshifted in energy by ≈ 4γ2, where γ is
the electron lorentz factor, and emitted along the path of the high energy electron.
For applications in which higher energy x-rays than the betatron mechanism can
provide, Inverse Compton Scattering (ICS) is an attractive mechanism to utilize due to the
photon energy scaling with electron energy, Eγ ' 4γ2eEl where El is the laser photon energy,
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Figure 3.4: Example ICS x-ray energy scaling using equation 3.13.
for non relativistic head on collisions. ICS generates high energy x-rays through low energy
photons scattering off of a relativistic electron. This scattering event causes the photon to up-
shift in energy and emit along the electron propagation direction, fig. 3.3, due to relativistic
conversions. The x-ray spectrum can be described generally through the Lienard-Wiechert
potential 3.1 and a more complete description can be found in [4, 42]. However, first we















Betatron (Ec = 10 keV)
ICS (T = 60 keV)
Figure 3.5: An example betatron (black) x-ray spectrum from a SM-LWFA compared with
an ICS (red) x-ray spectrum. The betatron spectrum is fit using eqn. 3.10 and the ICS
spectrum is fit using a single temperature exponential function, C1e
−Eγ
T where Eγ is the
photon energy and T is the photon temperature. A single temperature distribution for ICS
is expected due to broadband electron spectrum from a SM-LWFA. Here we see a transition
from betatron x-ray emission being dominante below ≈ 40 keV at which point ICS produces
higher photon number.
Here, for relativistic electrons, γe >> 1 emitting radiation along the laser axis, the power
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where re is the classic electron radius, N0 is the number of oscillation periods, and







where L is the interaction length, and k = k(1 + γ2eθ2)/(4γ2e ) − k0, where k is the
radiation wave number and k0 is the laser wavenumber. In the limit where N0 → ∞ the
resonance function R → ∆ωrδ(ω − ωr) where ∆ωr = ωr/N0, with ωr being the resonance
frequency. This states that for interactions with many laser oscillations, i.e. a 1 ps laser
pulse, a single electron of constant energy will emit at one photon energy. This causes
the emitted x-ray spectrum to follow a similar energy distribution to that of the electron
spectrum, which for a SM-LWFA is broadband. This, combined with the simplified energy
scaling for linear scattering events (a0 << 1) along the electron axis (θ = 0) given by [42]:
Eγ ' 4γ2eEl (3.13)
where γe is the Lorentz factor of the relativistic electron, and El is the lower energy
photon energy, provides a simple means of approximating the ICS x-ray spectrum given an
electron spectrum. This photon energy scaling with an electron distribution is shown in
fig. 3.4 for several electron temperatures. This scattering process produces higher energy
x-rays than that of betatron radiation due to this ∝ 4γ2e scaling. Whereas the betatron
photon number falls off exponentially after the critical energy is reached. The ICS photons
energy scaling will fall off as a function of the electron distribution itself, providing high
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photon numbers at higher energy. Fig. 3.5 shows a comparison of an example betatron
(black) and ICS (red) energy spectrum driven by SM-LWFA [19, 1]. The analysis methods
used to generate these spectra will be discussed in chapter 5. The number of ICS photons is
dependent upon the number of electrons, number of low energy photons, and the scattering
cross section. For this reason, to maximize emitted photon number, the SM-LWFA shows
promise due to the large amount of trapped charge and small source size. Care must be
taken with the counter propagating photon source so that it overlaps with the electron beam
as much as possible to increase scattering events. Similar to betatron, the source size of
this x-ray production will be very small, following the size of the electron beam and photon
source interaction region and emitting in θ ∝ 1/γe. Note, the x-ray emission will have greater
divergence perpendicular to the linear laser polarization [42]. To create the most high energy
photons, the electron beam size and counter propagating photon source should be matched,
however the effective source size will roughly follow the smaller of the two.
Further discussion of this source will occur in Chapter 5 where ICS is generated using
a SM-LWFA.
3.4 Bremsstrahlung Radiation
While ICS is capable of producing very high energy x-rays, the number of photons
at high energies utilizing a SM-LWFA tends to be much lower than that of bremsstrahlung
radiation. Bremsstrahlung, or breaking radiation, is created when high energy electrons are
bent or deflected by the nucleus of a target material. Figure 3.6 shows the bremsstrahlung
process where an electron approaches the nucleus of a target material. Due to the electric
fields of the nucleus, the electron is deflected and slowed. The downshift in electron energy
is emitted through a photon. Bremsstrahlung x-rays can therefore be as energetic as the
input electron, though this is highly unlikely as it is more likely a single high energy electron








Figure 3.6: Diagram of the bremsstrahlung process. Here a high energy electron is deflected
by the nucleus of a target material. The acceleration caused during this delflection produces
a high enery photon to be emmitted.
producing a very high number of energetic x-rays above the capabilities of betatron and ICS.
The scattering of a charged particle in a Coulomb field for non-relatvistic cases is











where Q is the momentum transfer Q2 = 2p2(1− cos(θ)). This cross section is then
used in the calculation for the frequency spectrum integrated over all emission angles. The










is the energy radiated per frequency in a collision with momentum



















These equations, valid for non-relativistic collisions, provides information on how the
emitted bremsstrahlung spectrum will scale with experimental parameters. High Z materials
are used in bremsstrahlung generation due to the Z2 scaling of the emission spectrum.
Additionally, the emitted photon energy depends on the electron momentum through the
Qmax/Qmin ratio which shows a higher energy electron source will emit higher dχdω due to
the increase in Qmax. A correction for the bremsstrahlung scattering cross section for highly
























where relativistic energy corrections have been included. This form of the scattering
cross section does not include charge screening which becomes important in highly relativistic
interactions.
The angular distribution of emitted photons in both the non-relativistic, dipole emis-
















Here, for relativistic interactions cos2(θ)−1→ 0 which causes the angular distribution
of emitted photons to be sharply peaked along the electron motion. Given a low divergence,
relativistic electron beam, the emitted bremsstrahlung radiation will remain low divergence.
These analytic equations show that calculating a bremsstrahlung spectrum is very difficult
and calculation intensive. For this reason, Monte-Carlo simulations are relied upon for large
scale calculations.
Here, we will discuss further the two methods of producing bremsstralung radiation
used for work described later in this dissertation. The first is through laser-solid target inter-
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actions where the laser pulse generates a population of hot electrons in the bremsstrahlung
target which generate the observed radiation. The second uses a SM-LWFA to first gen-
erate a beam of relativistic electrons which then collide with a high-Z target to generate
bremsstrahlung radiation.








Figure 3.7: Schematic of laser-solid bremsstrahlung interaction. The laser pulse is focused
onto the surface of a high-Z target generating a counter propogating plasma and producing
a relatividstic electron population which travels through the solid target. The electrons
undergo bremsstrahlung collisions on their path through the target emitting high-energy
x-rays.
To generate bremsstrahlung radiation through a direct laser-solid interaction a laser
pulse is focused directly onto the surface of a high-Z target. The laser pulse ionizes and
accelerates the surface of the target through the ponderomotive force, eqn. 2.15. Due to the
high density of the target, this produces a very high population of electrons. These electrons
then stream through the target generating bremsstrahlung radiation. The population of hot
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is electron energy loss due to ohmic
heating inside the target, Nelx is the number of electrons at position x inside the target, and
Xel is the electron mean free path. It is difficult to solve for this spectrum analytically and








where A,B are constants to scale the electron yield, Ee is the electron energy, and





















where na is Avagadros number, Nel is the number of electrons, Nelx is the number of
electrons which escape the back of the target of length x, X is the position in the target,
Xγ is the photon position in the target, and dσdEγ is the energy dependent cross section of the
photon. This photon distribution is difficult to calculate analytically given the complexity of
equations 3.19, 3.21. Therefore, the x-ray spectrum is frequently approximated using Monte
Carlo simulations. It is however clear, that the number and energy of photons produced in the
laser-solid interaction is dependent upon the laser energy to produce electrons, the resulting
hot electron energy and number, and finally the Z and thickness of the bremsstralung target.
A higher number and energy electron source will produce a higher energy and photon number
using a thick high-Z target.
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Figure 3.8: Schematic of bremsstrahlung radiation using the electron beam produced in a
SM-LWFA. A high-Z target is placed at the end of the SM-LWFA where the accelerated
electrons colide with the target producing bremsstrahlung radiation. Due to energy loss and
beam divergence generating the SM-LWFA, the laser pulse does not contribute substantially
to the bremstrahlung generation.
The method of generating bremsstrahlung radiation through SM-LWFA simply re-
places the hot electron distribution found in a laser-solid interaction with the high energy
electron beam produced in a SM-LWFA. The electron beam is then fired into a high-Z
bremsstrahlung converter as shown in fig. 3.8. As described in eqn. 3.18,in a laser-solid
interaction where the hot electron spectrum has a wide divergence, the emitted photon spec-
trum is emitted in ≈ 2π with a source size similar to that of the converter target. By
providing a tight beam of electrons through SM-LWFA, the emitted x-ray source size is
smaller due to the small size of the electron beam cross section and peaked emitted radi-
ation described in eqn. 3.18. There is a trade off in source size vs. x-ray energy with the
SM-LWFA bremsstrahlung source. By increasing target thickness more energy is extracted
through bremsstrahlung producing collision, however, these collisions cause the emitted x-ray
spectrum to have a greater divergence. As with the laser-solid interaction, information on
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Simulation and Experimental Characterization of
SM-LWFA
4.1 Introduction
1 With the introduction of physical processes used in this dissertation work we turn
our attention to experimental work completed to characterize the electron source produced
by a SM-LWFA. As introduced in chapter 2, there are two primary acceleration mechanisms
at work in a SM-LWFA, i.e. wake acceleration and DLA. This chapter will describe the work
done to fully characterize the physics of the SM-LWFA and the consequences of the results.
To do this we completed an experimental campaign at the Titan laser facility and through
collaborators at UCLA, completed quasi-3D simulations of the experimental parameters.
When the drive laser pulse satisfies cτl > λp (where c is the speed of light, τl is the laser
pulse duration and λp = 3.3×1010(ne)−
1
2 [µm] is the plasma wavelength with electron density
ne [cm−3]) and the plasma is under-dense (ne < nc, where nc is the density at which the laser
frequency, ω0, equals the plasma frequency, ωp), the laser pulse can drive relativistically
propagating plasma waves through the combined action of the self-modulation and Raman
forward scattering instabilities [46]. The plasma wave amplitude can become large enough
1This chapter contains published information from: P. M. King, K. Miller, N. Lemos, J. L. Shaw, B.
F. Kraus, M. Thibodeau, B. M. Hegelich,J. Hinojosa, P. Michel, C. Joshi, K. A. Marsh, W. Mori, A. Pak,
A. G. R. Thomas, andF. Albert. Predominant contribution of direct laser acceleration to high-energy elec-
tronspectra in a low-density self-modulated laser wakefield accelerator.Phys. Rev. Accel.Beams, 24:011302,
Jan 2021. of which I am the first author. My contribution to this work included experimental planning,
execution, data analysis, and writing the published manuscript.
43
to inject electrons [47] into the plasma wave and accelerate them due to the longitudinal
electric field of the plasma wave [21]. Electrons injected off the main laser axis undergo
transverse oscillations due to the restoring forces in the plasma wave. These transverse
oscillations can be amplified by the electric field of the overlapping picosecond laser pulse
and converted into a longitudinal acceleration through the ~v × ~B force of the laser in a
mechanism known as direct laser acceleration (DLA) [48, 49, 50, 51, 35]. In this situation,
the relative contributions of SM-LWFA and DLA to the final electron energy remains poorly
understood.
Prior work on SM-LWFA has attributed the copious charge of high-energy electrons to
self-trapping and breaking of the longitudinal plasma wave [52, 53]. Electrons with energies
larger than the dephasing-limited energy gain were also observed [54, 55], but were always
attributed to acceleration by the plasma wave. The role of DLA in LWFA was first suggested
by Pukhov [48] and has been experimentally investigated only recently. In a quasi-blowout
regime, the laser pulse was lengthened to overlap with a full plasma period, and electrons
in the high-energy tail of the accelerated electron spectrum showed a fork-like splitting
when dispersed perpendicular to the laser polarization direction [34, 35]. This fork-like
structure was attributed to DLA through PIC simulations, but the analysis did not include
the contribution of the longitudinal field from the focused laser in the DLA process.. In a
high-density (∼ 1020 cm−3), short-pulse (50 fs) SM-LWFA regime, the high-energy electron
beam tail was experimentally attributed to DLA [56], but without any clear experimental
signature. In a long-pulse (650 fs), high-intensity (I = 3 × 1020 W/cm2) regime, DLA was
inferred from PIC simulations to be the main acceleration mechanism in an ion channel [33].
The role of DLA in an SM-LWFA was anticipated in a recent experiment on developing
a betatron-radiation-based x-ray source, but no direct experimental evidence for DLA was
presented in that work [19, 57].
In this paper [36] we show experimental evidence, verified with quasi-3D particle-in-
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cell (PIC) simulations using Osiris [58, 59], that DLA occurs concurrently with SM-LWFA
but is the dominant contributor to the highest-energy electrons in the low-density (ωp  ω0)
regime of SM-LWFA, where the laser power—although it is greater than that needed for
relativistic self-focusing—is insufficient to produce a totally evacuated ion channel inside the
laser pulse. Our experimental work shows that, for a low plasma density (ω0/ωp = 57) and
a 1-µm, nominally 1-ps laser with moderate amplitude a0 = 8.5 × 10−8λI1/2 ≈ 2.2, the ac-
celerated electrons exhibit a two-temperature distribution. Here a0 is the normalized vector
potential and λ [nm] is the laser wavelength. Full-scale quasi-3D PIC simulations confirm
that the longitudinal field of the plasma wave excited by the SM-LWFA process mainly
contributes to the low-temperature portion of the spectrum, whereas DLA is the dominant
acceleration mechanism for the high-energy (temperature) electrons. When the electrons
are dispersed orthogonally to the laser polarization direction, a fork-like structure [35] char-
acteristic of DLA is observed for electrons with energies above 60 MeV. This is the first
direct experimental characterization, confirmed by quasi-3D PIC simulations, of DLA in an
SM-LWFA in the picosecond, high-energy regime relevant to HEDS experiments.
4.2 Experimental Results
4.2.1 Experimental Configuration and Methods
We conducted the experiment on the Titan laser system at Lawrence Livermore Na-
tional Laboratory (Fig. 4.1). Titan, a 0.7+0.3−0.1 ps, 120 J, Nd:Glass laser, was focused with
an f/10 off-axis parabolic mirror into a 10-mm, supersonic He gas jet with electron density
ne = 3× 1017 cm−3 (measured using interferometry). This configuration created peak laser
intensities reaching I = 6.4× 1018 W/cm2, in a spot with 50% of the total energy contained
in a 30-µm radius. The ratio Ppeak/Pcrit ≈ 1.6, where Ppeak is the peak laser power and





= 56 TW is the critical power for relativistic self-focusing in the
plasma [3, 9].
45



































































































Figure 4.1: (A) Experimental setup. The electron beam is dispersed by a 0.6 T magnet onto
two BAS-MS image plates after passing through three wire fiducials. A frequency-doubled
probe beam is co-timed with the main pulse and provides on-shot interferometry of the
plasma channel with a magnification of 3. (B) The electron energy spectrum for two different
shots using identical laser and plasma parameters dispersed perpendicular and parallel to the
laser polarization in blue and red, respectively, along with the simulated electron spectrum in
green. All three spectra are fit to single-temperature distributions below (T1) and above (T2)
100 MeV; the two regions are separated by a dashed black line. The experimental spectra
exhibit shot-to-shot variations of the single-shot laser system. (C) An undispersed electron
beam profile.
The electron beam is dispersed by a 0.6 T magnet with a large opening aperture
(5 cm) perpendicular to the linear laser polarization. A smaller magnet (2.56 cm aperture)
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with a 1 T field is used to disperse the electrons parallel to the linear laser polarization.
The dispersed electron signal passes through three wire fiducials—used to reduce error in
the energy calculation [60]—and is captured on two BAS-MS image plates separated by
30 cm. The difference in the electron energy spectra in Fig. 4.1(B) is caused by shot-to-shot
variation in the laser energy, pulse width, and quality of the high-power spot size. In an
ideal case, these two spectra would be identical.
To determine the energy mapping of the dispersed electron spectra, a two-dimensional
code was developed to propagate a beam of electrons with angular spread θ through a discrete
magnetic field (experimentally measured using a hall probe), then map the input electron
energy to a location on an image plate. This was done analytically using the following
equations:




where R is the cyclotron radius, E is the electron kinetic energy, me is the electron mass, c
is the speed of light, e is the electron charge, and B is the magnetic field amplitude. The
exit angle, θexit, at which the electron leaves the discrete magnetic field unit was found as
θexit = a sin
(




where θin is the angle at which the electron entered the magnetic field and zm is the length
of the magnetic field element. The horizontal shift from center, ∆x, at which the electron
leaves the magnetic field unit was calculated as
∆x = R (cos θin − cos θexit) . (4.3)
Summing all of the ∆x contributions from each magnetic field element shows where the
electron leaves the back of the magnet, given an initial input displacement and angle. From
the output displacement and angle, a line can be drawn through the two detector planes
and matched with the wire fiducial shadow locations on the image plates. Additionally,
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each image plate in the code is able to translate laterally to account for human error during
the installation of each image plate during the experiment. By allowing the image plates
to laterally translate results in an energy mapping solution for each image plate location.
To account for this, any solution where electrons are unable to pass through all three wire
fiducials are discarded. This was calculated for electrons with energies ranging from 1 to
1000 MeV and an angular spread of 2 rad FWHM. Following the two-screen wire fiducial
method, we are able to bound the angular spread of the input electron beam and reduce
the error in the energy mapping. The error shown in Fig. 4.1 (B) is calculated using a
combination of electron beam angular spread and uncertainty in image plate lateral location.
However, due to space limitations in the target chamber, the experimental data taken using
the smaller 1 T magnet did not have the space for a second image plate, resulting in the
larger error seen in Fig. 1(B).
4.2.2 Experimental Discussion
The non dispersed electron beam data from our campaign is shown in Fig. 4.2 which
shows an elongation of the electron beam along the laser polarization axis. This trend is
evident when comparing all shots using both the 4 and 10 mm gas jet diameter nozzles and
ranging in plasma density from 3.5 × 1017 to 6.5 × 1018 cm−3. The elongation along the
linear laser polarization is evidence of the impact of DLA during the acceleration process as
electrons which oscillate along the laser polarization will bunch up at the extremes of the
oscillation [35].
Additionally, we fit the electron energy spectra for several nozzle type and plasma
density to a 2-temperature spectrum similar to the one shown in Fig.4.1. The results are
presented in Fig. 4.3 where the measured hot and cold, T1 and T2 respectively, temperatures
follow the similar trend where two distinct distributions can be seen above and below 100















Figure 4.2: The ratio of the measured electron beam divergence parallel (θ‖) and perpendic-
ular (θ⊥) to the linear laser polarization. Ratios greater than 1 indicate an elongation along
the laser polarization.
inating the energy gain at lower final energies whereas DLA begins to dominate the energy
gain at around 60 MeV.
The electron spectra shown in Fig. 4.4 dispersed (A) perpendicular and (B) parallel
to the laser polarization were each fit using a single-temperature function (Ae−ET , with
amplitude A and effective temperature T in MeV) below and above 100 MeV [Fig. 4.1(B)],
yielding low and high temperatures of T1 = 19 ± 0.65 MeV and T2 = 46 ± 2.45 MeV,
respectively. The perpendicularly dispersed electron signal in (A) (after it is converted to
give a linear energy dispersion) shows a clear fork-like structure that begins at electron
































Figure 4.3: All the measured hot (cold), T1 (T2) temperatures for the 4 (10) mm gas jet
nozzles used in the experiment following the same analysis described in the main text body.
[white curve in Fig. 4.4(A)]. The mean total charge contained in this portion of the spectrum
(> 60 MeV) is 1.14±0.69 nC. When the electrons are dispersed in the same plane as the laser
electric field [Fig. 4.4(B)], no forking structure is seen, and the FWHM beam divergence is
instead 21 mrad [red curve in Fig. 4.4(B)] at the same energy. The elliptical beam profile of
the electrons shown in Fig. 4.1(C) gives the overall full-angle divergence at half-maximum
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Figure 4.4: Measured electron energy spectra for a plasma with electron density ne =
3 × 1017 cm−3 dispersed (A) perpendicular and (B) parallel to the linear laser polariza-
tion direction. The contrast is adjusted and a line-out along the dashed line is plotted (solid
line) to emphasize the forking feature in the dispersed electron profile. The dashed black
line indicates the acceptance aperture of the magnet. Note that (A) and (B) were taken on
two different shots with similar laser energies.
charge of the electron beam in the two planes as 47 and 27 mrad in the x and y directions,
respectively, consistent with the dispersed spectra.
The forking structure gives clear evidence that electrons above 60 MeV are gaining
some or most of their energy by the DLA process [34, 35]. Electrons accelerated mainly
through DLA generally exhibit higher energy and greater divergence along the laser po-
larization direction compared to electrons accelerated predominantly through SM-LWFA.
This larger divergence is evident in the forking structure seen only for high-energy electrons
dispersed perpendicular to the laser polarization, as in Fig. 4.4(A).
51
Figure 4.5: Snapshot of the electron density profile after 4.64 mm of propagation (left to
right) through the plasma; z and x are the longitudinal and transverse directions, respec-
tively. Also shown are the m = 0 longitudinal electric field (SM-LWFA) overlaid in red and
the m = 1 transverse electric field envelope (DLA) in green. The dashed green line shows
the vacuum laser field envelope at the focus. The tracked electrons, with x positions given
by their radial distance (only half-space is shown), indicate where in space each acceleration
mechanism is dominant. The charge density has been integrated in θ.
4.3 Simulation Results
4.3.1 Simulation Configuration
To discern the relative contribution of the various mechanisms to the final energy
of the electrons, we simulated the full acceleration process with particle tracking using the
quasi-3D algorithm of the Osiris PIC simulation framework [58, 59] for laser and plasma
parameters similar to those used in the experiment. This algorithm allows us to unambigu-
ously determine the work done by the longitudinal field of the plasma wave (Ez,m=0), as well
as the transverse (Ex,m=1) and longitudinal (Ez,m=1) fields of the laser. This has allowed us
to more correctly determine the overall DLA contribution. Here m = 0 and m = 1 refer to
the cylindrical modes corresponding predominantly to the wake and the laser, respectively.
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The quasi-3D algorithm uses fields and currents defined on an r-z grid and expanded
in azimuthal modes; to simulate LWFA we used modes 0 and 1, where mode 0 (1) mainly
captures the wake (laser) fields. In addition, we used a customized field solver that corrects
both for dispersion errors of light in vacuum and the time-staggering error of the magnetic
field in the Lorentz force [61]. The simulations were carried out in the speed-of-light frame
(moving window) with a box of size 95 × 23.6 c/ωp = 854 × 212µm (the second dimension
corresponding only to a half-slice, r starting at 0), where c/ωp = 8.991µm for a density of
3.5× 1017 cm−3. The number of grid points used was 48000× 256 = 1.2× 107, with a time
step of ∆t = 5 × 10−4ω−1p = 30 fs. The laser pulse had an amplitude of a0 = 2.7, intensity
FWHM of 1 ps, spot size of w0 = 25.5µm and Rayleigh length of zR = 1.94 mm. We used a
preformed plasma with a density upramp of 500µm followed by a constant-density region,
with the laser focused halfway through the upramp. Mobile ions were included along with
electrons, with each species having 4 particles per r-z cell and 8 particles in the θ direction,
making for a total of 7.9× 108 particles.
Though the experimental gas jet was 10 mm in length, we found electron energies
comparable to those from the experiment after a propagation distance of only 4.68 mm in
the simulation. This discrepancy is likely caused by the non-ideal laser spot used in the
experiment, while the simulation used an ideal Gaussian spatial profile at the laser focus.
The non-ideal laser spot could necessitate additional time to form an SM-LWFA and begin
trapping electrons in the experiment, whereas this happened over a shorter distance in the
simulation.
4.3.2 Simulation Discussion
Figure 4.5 shows the envelope of the transverse laser field Ex,m=1 (green), the plasma
density (blue) and the on-axis longitudinal electric field of the plasma wave Ez,m=0 (red)
4.64 mm into the plasma. Clear modulation of both the laser envelope and plasma waves is
53
evident. However, a hydrodynamic channel is not fully formed (not shown) within the laser
pulse; the ion density remains above 0.9n0 across the first bucket (potential well) and above
0.7n0 where the laser field is of significant amplitude, where n0 is the initial plasma density.
The wavelength of the plasma wave is increased for the first three buckets by strong beam
loading, but for subsequent buckets it is close to 2πc/ωp. The plasma electrons trapped
by the plasma wave are color-coded to indicate which acceleration mechanism is at work
(see subsequent paragraphs). The accelerated electrons group together in the later plasma
buckets, where they gain energy predominantly by interacting with the longitudinal field
of the wave associated with SM-LWFA. However, the electrons trapped in the front three
buckets of the wake gain net energy predominantly through the DLA process as they interact
with the peak-intensity portion of the laser pulse. Relativistic self-focusing helps to maintain
the peak intensity of the laser pulse (see dashed green line).
To quantify the contribution of each acceleration mechanism (i.e., SM-LWFA and
DLA), we use electron tracking in Osiris to calculate the work done on each electron by the
different spatial components of mode 0 (wake) and mode 1 (laser). Separating the fields by
mode clearly shows which longitudinal field component is from the plasma wave (Ez,m=0) and
which is predominantly from the evolving laser field (Ez,m=1). Without separating the fields
by mode, effects from the longitudinal laser electric field can be misattributed to wakefield
energy gain or loss—for instance, the total work done on some electrons by the Ez,m=1 field
was −100 MeV. This energy loss occurs because the longitudinal component of the laser
electric field is roughly π/2 out of phase with the transverse laser electric field, Ex,m=1. In















where w0 is the beam waist and γ is the gamma factor of a particle. The ratio is negative,
54
indicating that an electron in phase with the transverse laser electric field (Ex,m=1) loses en-
ergy due to the longitudinal laser electric field (Ez,m=1). Prior to this work, the LWFA and
DLA processes were differentiated by longitudinal and transverse field components, respec-
tively, rather than separated by mode. Consequently the energy loss from the longitudinal
laser electric field was often attributed to SM-LWFA electric fields. Experiments and 2D
PIC simulations have shown some contribution of the longitudinal laser field to the acceler-
ation of electrons, but for a near-critical-density plasma using foam targets [63], and similar
simulation work has shown evidence of energy loss due to the longitudinal laser fields [64].
The work done on each electron is then calculated as follows: WLWFA =
∫ ~Em=0 · ~v dt
and WDLA =
∫ ~Em=1 · ~v dt. We subtract the work done by each mechanism to obtain a
relative energy contribution for each electron (see color of tracked electrons in Fig. 4.5),
where a positive (negative) value indicates that the net final energy of the electron is mainly
coming from DLA (LWFA). DLA is the dominant energy transfer mechanism for electrons
trapped in the front two buckets (Fig. 4.5), whereas SM-LWFA dominates in the later buckets
of the plasma wave. As mentioned earlier, due to the low-density plasma, a substantial ion
channel—where prior results show DLA dominating the acceleration scheme [33]—does not
form within the laser fields.
Figure 4.6 clearly shows that DLA dominates the energy gain for higher-energy elec-
trons where the forking is observed. The accelerated electrons from OSIRIS are dispersed
(A) perpendicular and (B) parallel to the linear laser polarization using a geometry iden-
tical to that shown for the experimental results in Fig. 4.4. In this direct comparison to
the experimental data, a forking structure is evident only when the electrons are dispersed
perpendicular to the laser polarization. Figure 4.6(C) shows that the longitudinal field,
Ez,m=0, of the self-modulated wake (purple dots and curve) dominates energy gain for elec-
trons with energies up to about 40 MeV, at which point the net DLA contribution (red dots




Figure 4.6: Simulated electron spectra dispersed (A) perpendicular and (B) parallel to the
linear laser polarization direction. A line-out along the dashed line is plotted (solid line) to
emphasize the “horns” of the dispersed beam. (C) The final energy gain due to different field
components and mechanisms is shown for numerous tracked electrons (solid lines showing
the mean within 20-MeV windows). All data is shown after 4.68 mm of propagation.
in the simulation shifts to DLA, with the fork becoming visible at about the same energy
for the perpendicularly dispersed electrons both in the experiment [Fig. 4.4(A)] and simula-
tion [Fig. 4.6(A)]. The energy loss from the longitudinal laser field [orange dots and curve
in Fig. 4.6(C)] is reasonably approximated for many electrons by the calculation f · Ex,m=1
shown in green (assumed focused spot size of w0 = 19µm), which could be used to estimate
the energy loss from the longitudinal laser field in simulations where it is difficult to differ-
entiate between longitudinal wake and laser fields. Regardless, this energy loss is significant
and should not be ignored when considering the energy contribution due to DLA.
The simulated electron spectrum is shown alongside the experimental spectra in
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Fig. 4.1(B), with T1 and T2 fits of 14.2 and 45.5 MeV, respectively. Both the number of
electrons and the fitted temperatures are similar to the experimental values. The tempera-
ture transition, however, occurs near 100 MeV and not 60 MeV (where the DLA mechanism
becomes dominant) since the population of electrons accelerated by the DLA mechanism is
much smaller than that accelerated by the LWFA mechanism.
4.4 Summary
In conclusion, we have demonstrated that a picosecond-laser pulse undergoes SM-
LWFA in a low-density plasma and that DLA dominates the energy gain of the highest-energy
electrons in the absence of a trailing ion channel. This contribution is shown experimentally—
and reproduced with PIC simulations—by the forking structure evident in the dispersed
electron beam at high electron energies, as well as through the transition between two tem-
peratures in the measured electron spectra at around 100 MeV. This work provides the
first direct experimental characterization, confirmed through quasi-3D PIC simulations with
mode separation of fields, of DLA in a picosecond, high-energy regime of SM-LWFA, an
important result in the development of x-ray sources for HEDS experiments.
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Chapter 5
X-ray source characterization using SM-LWFA
5.1 Introduction
1 Now that we have discussed the underlying physical mechanisms used during this
dissertation work we focus on the charicterization and developement of x-ray sources using
SM-LWFA as the electron driver. The prior chapter discussed the electron beam character-
istics of a SM-LWFA and the underlying accelerator physics. This chapter will describe the
development of analytical tools and diagnostics used to measure the resulting x-ray spectra.
A SM-LWFA offers a compact means of generating relativistic electron beams [3, 21]
using existing picosecond lasers in operation at NIF (ARC), OMEGA (OMEGA-EP), LMJ
(PETAL), and GEKKO (LFEX). The electrons produced in a SM-LWFA can be used to
generate x-rays through several processes like betatron emission [41, 65], electron-driven
bremsstrahlung radiation [66], and inverse Compton scattering [67, 68].
Betatron x-rays are generated during the acceleration process in a SM-LWFA. Elec-
trons trapped off axis and accelerated longitudinally also oscillate in the transverse direction
due to space charge separation and produce x-rays in the laser propagation direction. Beta-
tron x-rays from SM-LWFA and direct laser acceleration have been shown to reach photon
1This chapter contains published information from: P. M. King, N. Lemos, J. L. Shaw, A. L. Milder, K.
A. Marsh, A. Pak, B. M. Hegelich, P. Michel, J. Moody, C. Joshi, and F. Albert. X-ray analysis methods
for sources from self-modulated laser wakefield acceleration driven by picosecond lasers. Review of Scientific
Instruments, 90(3):033503, 2019. of which I am the first author. My contribution to this work included
experimental planning and execution, data analysis, and writing the published manuscript.
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fluxes > 1010 photons/keV/sr with x-ray energies > 15 keV and a source size < 35 µm
[19, 69].
Inverse Compton scattering is produced when an electron collides with a photon up-
shifted by 2γ in the electron frame, where γ is the Lorentz factor of the electron. The electron
oscillating in this Doppler shifted radiation field re-emits a photon, which in the laboratory
frame is in the forward direction and is frequency up-shifted by an additional 2γ for a total
of 4γ2, in the case of head on collision. A common method of producing Compton x-rays in
a laser wakefield experiment is to place a plasma mirror at the exit of the gas jet and reflect
the drive laser pulse back onto the electrons [67]. In the SM-LWFA regime, this method can
produce x-rays of energies > 100 keV with small source sizes <100 µm and high photon flux
> 108 photons/keV/sr [20].
Bremsstrahlung radiation is achieved by colliding the electron beam produced in a
SM-LWFA with a high Z foil target. The electrons collide with the nuclei of the high Z
foil producing high energy x-rays with a large divergence. Bremsstrahlung radiation pro-
duced through electron interactions has shown an increased x-ray generation efficiency over
the previously discussed laser-generated bremsstrahlung sources and is capable of reaching
temperatures of > 1 MeV with a photon flux > 109 photons/keV/sr [66, 70].
The optimization of x-ray emission properties, which vary based upon generation
mechanism, motivates the development of robust analysis methods to be used for any SM-
LWFA x-ray source in a spectral range between 10 keV and 1 MeV. This paper describes
three of them: forward fit, Ross pair, and differential average transmission (DAT), for three
different diagnositics, each sensitive to a different range of x-ray energies (thin filters, stacked
image plate spectrometer [71], and step wedge [72]). This paper is organized as follows:
Section II presents an overview of the experiments; Section III details and compares each
of the analysis methods and diagnostics using a laser-driven bremsstrahlung source; Section
IV applies these methods and diagnostics to quantify x-ray sources driven by SM-LWFA on
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Figure 5.1: Experimental set up for SM-LWFA experiment on the Titan Laser at JLF.
The Titan laser, located at the Jupiter Laser Facility (JLF) at Lawrence Livermore
National Laboratory (LLNL), has a beam energy of 120 J, pulse length of 0.7+0.3−0.1 ps, and
central wavelength of 1053 nm. In our experiment, shown in figure 5.1, the laser is focused
1 mm above a 4 mm He gas jet using a F/10 off axis parabolic mirror to obtain a spot
size of ∼ 29 µm and an intensity of ∼ 1019 W/cm2. The laser pulse ionizes the He gas
and creates a plasma with a density of ∼ 5 × 1018 cm−3 and drives a SM-LWFA, which
produces a beam of electrons with a maximum energy of ∼ 380 MeV. Betatron x-rays are
generated during the acceleration of electrons in the SM-LWFA, and by placing a 100 µm
polyethylene target at the exit of the jet or a 500 µm W target 15 mm from the exit of the
gas jet, inverse Compton scattered or bremsstrahlung x-rays are generated, respectively. The
electrons produced in the SM-LWFA are bent away from the propagation axis using a 0.9
T magnetic spectrometer. The electron signal is captured on a Fujifilm BAS-IP MS image
plate (IP), the type of IP used for all the diagnostics, and an energy spectrum is determined














Figure 5.2: (a) The filter wheel diagnostic channels are labeled clockwise from the top
right, each corresponding to a different material and thickness. The image is labeled with
the material type, thickness in µm, and the channel number, respectively. (b) The cannon
diagnostic channels are labeled from the front of the detector to the back, each corresponding
to a different material and thickness, labeled with the material type, thickness in µm, and
channel number, respectively. The inset shows a view of the cannon from the front. (c) The
step wedge diagnostic uses varying thicknesses of Ta to attenuate the x-ray signal.
The x-rays exit the target chamber via a 200 µm mylar window located 1.5 m from
the gas jet and enter the filter wheel, figure 5.2a, located 4 cm from the mylar window. The
filter wheel is a set of 10 materials, differing in thicknesses, that are sensitive to x-ray energies
up to ∼ 40 keV. The transmission of all the channels, shown in figure 5.3, reaches 100% at


































Figure 5.3: Filter wheel material response curves as a function of x-ray energy converted to
PSL/photon.
thicknesses, and channel number are detailed in figure 5.2a. The transmitted x-ray signal
is collected by an IP placed at the back of the filter wheel. The x-rays pass through the
filter wheel and into the cannon, shown in figure 5.2b, which uses 8 filters stacked behind
one another with an IP between each material to capture the x-ray signal in each layer
[71, 73]. The cannon is sensitive to a higher energy range, 30 to ∼ 200 keV, and is used in
tandem with the filter wheel to improve the energy detection range. For higher expected
x-ray energies (up to a few MeV), the step wedge diagnostic replaces both the filter wheel
and cannon along the beam axis. The step wedge uses stacked plates of Ta with holes cut
into them creating channels of varying thickness to alter the x-ray attenuation through each.
The signal is then collected on an IP placed behind the diagnostic [72].
The IPs are all scanned using a Fuji model FLA7000 scanner at a 200 µm pixel
size. The scanner provides a measure of counts per pixel that is then converted to photo
stimulated luminescence (PSL) using the calibration equation provided by ref. [74].
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5.3 Analysis Methods
This section presents the diagnostics results and associated analysis methods in the
case of a laser-driven bremsstrahlung source. Laser-driven bremsstrahlung is used here be-
cause it is a well understood x-ray production mechanism that can be generated without
creating additional x-ray noise. To ensure only laser bremsstrahlung is generated, the gas
jet is not operated for these shots ensuring there is no LWFA generation. The laser focus is
positioned 1 mm into the entrance of the 4 mm gas jet and a 100 µm Al target was placed
at the exit of the jet, 3 mm from laser focus, so that the focal spot size is ∼ 50 µm and the
laser intensity is 2× 1018 W/cm2.
5.3.1 Forward Fit Method
The forward fit method uses the x-ray attenuation properties of thin filters to fit
a measured set of data and extrapolate the energy spectrum using an assumed analytical
distribution function [75, 19, 20]. Equation 5.1 describes how to calculate a synthetic PSL
value for each material using an assumed analytical distribution function, fE,A(Eγ), and a
material response function, Yi(Eγ), shown in figure 5.3.
Yi(Eγ) = Ti × IPresp
PSLi =
∫
YifE,AdEγ × θ, (5.1)
where Ti is the calculated transmission of material i, IPresp is the response function of the
image plate [76], Eγ is the photon energy, and θ is the angle subtended by each pixel from
the source. The material response is a product of each material the x-rays interact with on
the way to the detector and the energy-dependent response of the detector used. Here, fE,A
is the chosen analytical distribution function to describe the x-ray generation mechanism
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where E is the energy and A the amplitude. Calculated PSL values are fit to a measured
data set by varying the amplitude and energy using weighted least squares fitting tools.
































Best fit E1 = 21.28 keV, A = 16.50
Conf E1 = +/-0.36 keV, A = +/--0.10
(a) (b)
Figure 5.4: (a) Raw data of the filter wheel diagnostic on bremsstrahlung x-ray data. The
black triangles show the areas in which the data was sampled to obtain mean PSL values
for the fit. (b) Results of the forward fit method on bremsstrahlung x-ray data described in
the text.
Bremsstrahlung emission is modeled with a single temperature distribution function,
fE,A = A × 1010 × e−Eγ/E, that is used with equation 1 to calculate a PSL value for each
channel. An example, a laser-driven bremsstrahlung source measured with the thin filter
wheel, is shown in figure 5.4. The best fit for this laser bremsstrahlung data results in a
temperature of 21.2 ± 0.36 keV with an amplitude of 16.5 ± 0.10, giving a total flux of 16.5
± 0.10 ×1010 photons/keV/sr, plotted in blue in figure 5.4b. The mean PSL signal for each
material is taken from within the area of each small triangle shown in figure 5.4a and plotted
as black data points in figure 5.4b. The error in PSL is the standard deviation of the signal
in each channel. The error in temperature, E1, and amplitude, A, are obtained from the
best fit of the upper and lower error in PSL.
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Ti [5 m] - Al [40 m]
Fe [7 m] - Ti [20 m]
Zn [15 m] - Fe [20 m]
Zr [10 m] - Zn [20 m]
Mo [25 m] - Zr [45 m]
Figure 5.5: Subtraction of channels 1-2, 3-4, 6-5, 8-7, and 10-9 corresponding to 5 µm Ti -
40 µm Al, 7 µm Fe - 20 µm Ti, 15 µm Zn - 20 µm Fe, 10 µm Zr - 20 µm Zn, and 25 µm
Mo - 45 µm Zr results in the remaining signal appearing in small energy bins.
5.3.2 Ross Pair Method
The materials that make up the filter wheel were designed to take advantage of the
Ross Pair analysis method [77]. Each material was chosen such that the K-edge location and
thickness would provide a difference in signal equal to zero everywhere except for a small
energy bin determined by the difference in K-edge location. The thickness of each material
controls the total attenuation of the x-ray signal and can be used to ensure the signal outside
each bin is as close to zero as possible. By choosing materials correctly, the Ross Pair method
can provide a direct measurement of x-ray flux in a small energy range. Figure 5.5 shows the
energy bins for the materials in the filter wheel diagnostic used in our experiment and the
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attenuation of the signal in each bin. By subtracting channels 1-2, 3-4, 6-5, 8-7, and 10-9
corresponding to 5 µm Ti - 40 µm Al, 7 µm Fe - 20 µm Ti, 15 µm Zn - 20 µm Fe, 10 µm
Zr - 20 µm Zn, and 25 µm Mo - 45 µm Zr, the flux in 5 energy bins spanning 3 to 20 keV
can be directly measured.
As can be seen on the blue curve in figure 5.5, the signal outside the bin is not always
exactly zero, which accounts for error in the photon number measurement. The ratio of
integrated signal outside/inside is calculated as the error in photon count.
The difference in PSL values from the filter wheel data in figure 5.4a, following the








Trmeani × IPmeani × θ ×W bini
(5.2)
Here Trmeani is the mean transmission value of each bin, IPmeani is the mean image plate
response value for each bin, θ is the angle subtended by each pixel from the source, and W bini
is the bin width in keV.
5.3.3 Differential Averaged Transmission Method (DAT)
The DAT method [67] is similar to the Ross Pair method in that it utilizes the
subtraction of the transmission signal from two different materials to provide a measured
data point and does not rely on a particular spectral distribution. This method works
well when materials in the diagnostic are the same element with varying thicknesses but
may provide poor results when subtracting different elements due to the different K-edge
locations. The subtracted material transmission curves of the desired materials should create
a broad distribution for this method to work properly.
Figure 5.6 shows this method applied to the filter wheel diagnostic. The energy
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Ti [5 m] - Ti [20 m]
Fe [7 m] - Fe [20 m]
Zn [15 m] - Zn [20 m]
Zr [10 m] - Zr [45 m]
Figure 5.6: DAT bins are created by subtracting channels 1-4, 3-5, 6-7, and 9-10 correspond-
ing to 5 µm Ti - 20 µm Ti, 7 µm Fe - 20 µm Fe, 15 µm Zn - 20 µm Zn, and 10 µm Zr - 45
µm Zr resulting in broad transmission distributions. The mean energy and full width half
maximum is determined for each distribution and are used for error calculation. See text for
details.
assigned to each pair corresponds to the mean energy of that pair’s distribution. The bin
size, corresponding to the region which contains 50% of the pair’s signal, is plotted as the
error in energy. The error in photon flux is determined by integrating the signal outside of
the energy bin and converting the results to percentages of the total signal. The percentages
are used to represent the error in measured photon flux caused by excluding the regions
outside of the 50% energy bin in the calculation.
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= (S1 − S2)∫
fkdEγ
(5.3)
fk = (T1 − T2)×R× θ
Here, N is the number of photons, dE is per photon energy, dΩ is per solid angle,
S1,2 are the measured signals being subtracted, T1,2 are the calculated transmission curves
through the same materials, R is the response of the detector being used, and θ is the angle
subtended by each pixel in the detector.
By using the PSL values shown in figure 5.4 and the filter wheel material pairs
described in figure 5.6, the photon flux is calculated and plotted in figure 5.7 along with
the results of the Ross Pair method. As shown in figure 5.5 there are five possible data
points which can be calculated using the Ross pair method, however figure 5.7 only has
two data points plotted. The missing data points are from the first three low energy pairs
which, when created through subtracting the signal from the pair’s corresponding materials,
resulted in a zero or negative flux. This can be caused either by x-rays with energies above
the pair’s sensitivity region, or by low energy x-rays which are blocked on the way to the
detector. In this experiment, we were unable to resolve the Ross Pair signals below 10 keV
due to the mylar window on the target chamber attenuating the signal of low energy x-rays
to a level below our detection threshold.
5.3.4 Fitting the Discrete Data Points
The discrete data points, determined by the Ross Pair and DAT methods, are fit
using weighted least squares fitting tools and the same distribution function as the forward














Filter Wheel Forward Fit T = 21.2 [keV]
Filter Wheel Discrete Fit T = 21.2 [keV]
Cannon Forward Fit T = 16.0 [keV]
Cannon Discrete Fit T = 22.8 [keV]
Filter Wheel Ross Pair
Filter Wheel DAT
Cannon DAT
Figure 5.7: Results of forward fitting (solid) and discrete fitting (dashed) analysis for a laser-
driven bremsstrahlung source using the filter wheel (black), and cannon (blue) diagnostics.
Data points are the result of Ross pair (circles) and DAT (triangles) analysis methods de-
scribed in the text.
provides an additional independent method of determining the temperature and amplitude
of the x-ray energy spectrum. The best fit results in a temperature and amplitude of E1 =
21.2 ± 4.23 (22.9 ± 0.67) keV A = 15.9 ± 0.62 (4.5 ± 1.15) photons/keV/sr for the filter
wheel (cannon) diagnostic, shown in black in figure 5.7. The error in the temperature, E1,
and amplitude, A, of this fit is determined through the best fit of the upper and lower photon
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flux errors of the discrete data set. The energy bins, represented by energy error bars, are
not explicitly included in the fitting as the flux error accounts for signal not included within
this bin. If the energy bin gets bigger or smaller, the flux error will change by an equal
percentage to compensate, as detailed in section C. Like the discrete data points, their fits
agree very well with the forward fit results inside each detectors sensitivity range.
5.3.5 Stacked Image Plate Spectrometer Analysis











Best fit E1 = 16.00 keV, A = 14.46 Ph/keV/Sr
Conf E1 = 0.94 keV, A = 2.10 Ph/keV/Sr
Figure 5.8: Results of the forward fitting method using the cannon diagnostic. Here E1 is
the temperature and A is the amplitude of the single temperature distribution.
Sub sections A-D have detailed three analysis methods applied to a bremsstrahlung
source using the filter wheel diagnostic. This section will apply the same analysis methods
to the cannon, a stacked image plate spectrometer, and highlight the differences between
the two diagnostics. As shown in figure 5.1, the cannon can be fielded at the same time as
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the filter wheel allowing for a greater range of the x-ray spectrum to be measured. Similar
to the prior sections, figure 5.8 shows the results of the forward fitting method, where the
channels are detailed in figure 5.2b. The bremsstrahlung energy spectrum was again modeled
using a single temperature distribution, f(E1, A) = A × 1010 × e−Eγ/E1, and resulted in a
temperature E1 = 16.0 ± 2.17 keV and amplitude A = 13.44 ± 3.9 Photons/keV/Sr as shown
in figure 5.7. The DAT method is computed the same way as in subsection C, however, since
the cannon has stacked materials Si and Ti as defined in equation 3 represent channels
rather than materials. For example, channel 1 is Al and channel 2 is 100 µm Al× Image
plate transmission × 100 µm Ti. The resulting measured x-ray energies are shown in blue
in figure 5.7 with the forward fit results.
5.3.6 Combining Methods and Diagnostics
The prior sections have detailed three separate methods of analyzing measured x-
ray energy spectra and shown the methods applied to two diagnostics. Applying the three
methods to measured x-ray data results in two valid temperature and amplitude solutions.
Optimally, the two solutions will exactly agree with one another. However, due to noise in
the raw data, the solutions more often will be different. Therefore, the results are combined
to produce a solution band which encompasses the results from both fitting methods, forward
fit and discrete fit. The results of both fits are plotted with their maximum and minimum
errors, and the highest and lowest solution, regardless of fitting method, is chosen. The two
temperature and amplitude solutions are then presented as the final measured x-ray energy
spectrum.
As an example, figure 5.9 shows the solution band for the filter wheel (black) and the
cannon (blue) on the same laser-driven bremsstrahlung shot. The solution band for the filter
wheel is created by combining the lowest (T = 15.0 keV and A = 16.01 photons/keV/sr) and
the highest (T = 26 keV and A = 15.28 photons/keV/sr) temperature and amplitude fit from
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the forward fit and discrete fit methods. In this instance, the discrete fit fully encompasses
the forward fit solution and error, so both the highest and lowest temperature and amplitude
solutions are from the discrete fit.
The same method of choosing the highest and lowest fit is then applied to the cannon
diagnostic resulting in temperatures, T, of 16 and 23 keV and amplitudes, A, of 16.6 and 3.8
photons/keV/sr from the forward fit and discrete fit, respectively. The cannon solution band
is then combined with the filter wheel solution band to create a measured x-ray spectrum













Filter Wheel T = 15 to 26 [keV]
Cannon T = 16 to 23 [keV]
Filter Wheel Ross Pair
Filter Wheel DAT
Cannon DAT
Figure 5.9: The solution bands for a laser bremsstrahlung source. The bands are created by
combining forward fitting and discrete fitting as explained in the text.
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a b c d(   ) (   ) (   ) (   )
Figure 5.10: Experimental set up for each SM-LWFA x-ray generation mechanism: a) Inverse
Compton b) Betatron c) electron-driven bremsstrahlung and d) laser-driven bremsstrahlung.
Each method is isolated by controlling the gas and foil placement as detailed in the text.
This section presents the analysis of x-ray sources generated through SM-LWFA fol-
lowing the experimental schemes shown in figure 5.10. X-ray characterization from SM-
LWFA generated sources generally have far more noise to mitigate than the laser-only
bremsstrahlung data presented above due to the large amount of charge being diverted into
the target chamber walls, and proper accounting for this noise is instrumental in correctly
determining the energy spectrum of LWFA-driven x-ray sources. The filter wheel diagnostic
includes a 500 µm Cu and 200 µm Pb filter to be used for background subtraction. These
filters prevent any transmitted signal from x-rays above ∼ 40 keV from contributing to the
overall data. Since the sensitivity of the filter wheel has a maximum of ∼ 40 keV, any signal
behind these filters can be assumed as background. For data with a uniform background
level, the signal level from behind the Cu and Pb filters is subtracted from the whole image to
reduce the noise level and improve accuracy of the analysis. For non-uniform backgrounds,
a mask is created by selecting the perimeter of each filter and removing it from the image
as shown in figure 5.11. The background is smoothed over the whole image and normalized
such that the maximum value of the smoothed image is equal to the signal behind the Cu
or Pb filter. The smoothed image is subtracted from the main image to remove non-uniform













Figure 5.11: (a) Experimental data with no background subtraction (b) 2D mask created
to remove filters from the background signal (c) Using the 2D mask, the background signal
is smoothed over the filter regions and normalized to the PSL signal behind the copper or
lead filter (d) The final image after subtracting the smoothed background from the original
image
Here, betatron radiation is generated during the SM-LWFA electron acceleration pro-
cess. The laser is focused as described in section II with no foil placed after the gas jet (fig-
ure 5.10b). The data analysis begins by first following the background subtraction technique
detailed in figure 5.11 and then applying the three analysis methods described in section III.





E1 ] [41, 78] as the
analytic equation describing the x-ray energy spectrum. The expected energy range for be-
tatron radiation is < 40 keV due to the critical energy scaling (∼ 5×10−21γ2ne[cm−3]r0[µm])
where the maximum electron energy is measured to be ∼300 MeV, so the filter wheel and
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cannon diagnostics were used. The noise in this signal is higher than the laser bremsstrahlung
example due to the large non-uniform background produced from stray electrons in the tar-
get chamber. The combined analysis methods result in a critical energy (the point in which
half the energy in the spectrum lies below this value), E1, between 25 and 34 keV and an
amplitude, A, between 15.7 and 16.5 photons/keV/sr. This result is combined with the Ross
pair (circles) and DAT (triangles) methods in figure 5.12. Due to noise in the later channels
of the cannon diagnostic which could not be mitigated, the cannon did not provide fitted
critical energies to combine with the filter wheel results.
5.4.2 Inverse Compton Scattering
We generate inverse Compton radiation by placing a 100 µm polyethylene target at
the exit of the gas jet as shown in figure 5.10a. The laser, after generating the SM-LWFA
and accelerating electrons, exits the gas jet and ionizes the polyethylene target, creating a
plasma mirror [67]. The laser pulse is reflected back onto the relativistic electrons, producing
x-rays in the electron propagation direction. Here, we have contribution from four different
mechanisms: betatron from the SM-LWFA, bremsstrahlung from interaction of the laser and
the electrons with the foil, and the Compton radiation we seek to measure. To account for the
x-rays generated from the first three mechanisms, we measure the radiation energy spectrum
produced by isolated betatron, fBeta, and bremsstrahlung, fBrem, emissions under the same
experimental conditions and include the results in the Compton analysis. The laser-driven
and electron-driven bremsstrahlung components are differentiated by placing the foil at the
exit and 15 mm from the exit of the gas jet, respectively, as shown in figure 5.10. In the
latter case, the laser has diverged more than the electron beam ensuring the electron-driven
bremsstrahlung is dominant.
Compton scattering is likely to produce higher energy x-rays than betatron radiation,














Filter Wheel Ec = 25 to 34 [keV]
Filter Wheel Forward Fit
Filter Wheel Discrete Fit
Filter Wheel Ross Pair
Filter Wheel DAT
Cannon DAT
Figure 5.12: Combining the forward fit, Ross pair, and DAT analysis methods from the filter
wheel and cannon diagnostics, create a band of solutions between critical energies of 25 and
34 keV using the filter wheel diagnostic. Only the first three channels of the cannon had
signal above the detection threshold, resulting in two data points using the DAT method.
These data points are not sufficient to use the fitting method but are plotted here to show
agreement with the filter wheel solution band, which is extrapolated to 65 keV.
betatron radiation drops exponentially after its critical energy 5 × 10−21γ2ne[cm−3]r0[µm].
Hence, we use the step wedge [65]. A single temperature spectrum, fE1,A = fBeta+fBrem+A×
1010e(−
Eγ
E1 ), is used for the forward fit and discrete fit methods after first using the background















Filter Wheel T = 18 to 93 [keV]
Filter Wheel Forward Fit
Filter Wheel Discrete Fit
Step Wedge T = 67 to 162 [keV]
Step Wedge Forward Fit
Step Wedge Discrete Fit
Filter Wheel Ross Pair
Filter Wheel DAT
Step Wedge DAT
Figure 5.13: The filter wheel (black) and step wedge (red) were used to measure the low and
high energy regions of the Inverse Compton x-ray spectrum respectively. The filter wheel
measured a temperature band of 18 to 93 keV in the 10 to 40 keV region while the step
wedge measured a temperature band of 67 to 162 keV between 60 to 250 keV.
single temperature distribution in the narrow range of sensitivity for both the filter wheel
and step wedge. The resulting temperature bands, found by following the analysis methods
described in section III, are shown in figure 5.13 to be E1 = 18 to 93 keV and E1 = 67 to
162 keV between 10 to 40 keV and 60 to 250 keV respectively. These sensitivity regions are
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dictated by the diagnostics and not the spectrum being measured. The lower energy region
measured by the filter wheel has large components of laser bremsstrahlung and betatron
signal, however, the signal in the higher energy region measured by the step wedge can only
be x-rays produced through Inverse Compton [20].














Step Wedge T =  806 to 1354 [keV]
Step Wedge Forward Fit
Step Wedge Discrete Fit
Step Wedge DAT
Figure 5.14: The forward fit and discrete fit for electron-driven bremsstrahlung x-rays pro-
duce a solution band with temperatures between 806 and 1354 keV (red shaded region).
Electron-driven bremsstrahlung radiation is generated by colliding the relativistic
electrons from a SM-LWFA with a 500 µm thick W target placed 15 mm from the exit
of the gas jet, mitigating laser bremsstrahlung and inverse Compton emissions, as shown
in figure 5.10c. A 500 µm target is chosen for this mechanism to convert as much of the
electron energy into x-rays as possible, without being too thick so that x-rays are re-absorbed.
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By choosing the correct high-Z foil, much of the electron energy can be converted to x-
rays through collisions in the foil, producing a high temperature (MeV) emission spectrum.
Due to the expected high energy x-ray production, the step wedge diagnostic is used to
analyze the electron-driven bremsstrahlung emission spectrum. The temperature bands for
this mechanism are found to be T = 806 to 1354 keV by fitting to a single temperature
distribution, fE1,A = A × 1010e(−
Eγ
T ), following the analysis methods detailed in section
III. The result of this analysis is plotted with data points following the DAT method in
figure 5.14.
5.5 Summary
In conclusion, we have shown the analysis methods employed to fully characterize
x-ray energy spectra generated through SM-LWFA. These methods were applied to three
diagnostics, each sensitive to a different energy range: the filter wheel (10 to 40 keV), cannon
(30 to 80 keV), and step wedge (60 keV to >1 MeV). These diagnostics were used together to
characterize four distinct x-ray generation mechanisms: Betatron, laser and electron driven
bremsstrahlung, and inverse Compton scattering. These x-ray sources span a total energy
range of more than 1 MeV proving useful in a wide variety of applications.
The forward fit method provides a way to extrapolate an energy spectrum given
an analytical function to describes the x-ray energy distribution. The Ross Pair and DAT
methods provide a way to directly measure the photon flux in a narrow energy bin without
needing to assume a distribution function. These discrete points are then fit using the same
equation used in forward fitting to provide a separate independent measure of the x-ray
energy spectrum. Combining all of these methods provides a solution band in which the
x-ray spectrum can exist. This technique allows a robust method of characterizing an x-ray
source in a high noise environment, like that of SM-LWFA.
Large laser facilities like NIF and OMEGA, are capable of creating experimentally
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unexplored conditions and states of matter valuable to HED, ICF, and laboratory astro-
physics. These new experimental capabilities bring with them a need for a broadband x-ray
source capable of probing the various transient states of matter being created. Laser wake-
field accelerators are a promising tunable driver for x-ray sources at these facilities and have
been demonstrated to produce a broad range of x-ray energies.
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Chapter 6
Applications of SM-LWFA driven x-ray sources using
picosecond lasers
6.1 Introduction
Using the understanding gained from work on the contribution of DLA in a SM-LWFA
as well as the tools created for analyzing x-ray sources, we begin work on applications of
the SM-LWFA x-ray source. In this chapter we will explore three static radiography objects
used to demonstrate the ability to tune x-ray energy and photon number to fit an intended
application. This is accomplished by choosing a target material which utilizes the strengths
of betatron, ICS, and bremsstrahlung radiation for an intended radiography test object. For
example, a high-Z, dense radiography target requires high energy x-rays to pass through the
object and create and image necessitating the use of a thick bremsstrahlung converter target.
6.2 Experimental Configuration
The experiments focusing on applications for SM-LWFA driven x-ray sources were
preformed on the Titan laser system at Lawrence Livermore National Laboratory. Here,
we modified our experimental configuration after the gas jet to allow for static radiography,
shown in fig. 6.1. We have the option of placing solid targets directly after the gas jet
which drives the SM-LWFA allowing for inverse compton scattering and electron driven
bremsstrahlung radiation to be utilized. One of three possible radiography test objects are







Figure 6.1: Experimental configuration. A high-Z target is placed after the SM-LWFA to
generate bremsstrahlung radiation. A radiography target is placed after the high-Z target
and the image is captured on a stack of 12 BAS-MS image plates.
beam path, and the signal is collected in a stacked BAS-MS image plate (IP) [76] detector.
The IP detector uses a stack of 12 100 µm tin and IP pairs. The images captured on each
IP is corrected for rotation, magnification, and position in post processing to create a final
image with improved signal to noise (SNR) than a single IP can provide.
The first radiography object used in this experiment are the Kings Resolution Target
(KRT) shown in fig. 6.2 (a). This target has variable slit spacing from 1 mm at the largest
to 50 µm in sets of 5 for each size. There is also a pinhole array located next to the lines
which have diameters from 500 µm at largest to 50 µm at the smallest. These are arranged
from bottom to top in sets of 10 pinholes for each size. The KRT pattern was laser cut into
a 500 µm W blank that is 2 by 6 cm by General Atomics (GA). This radiography is designed
for low to medium keV x-ray energies and can be used to determine the resolution of the
x-ray source.
The second radiography target, the halfraum, used is a 5.75 by 4.72 mm hollow Au
cylinder with 30 µm thick walls. To imitate a large fuel capsule inside a gold hahlraum used






Figure 6.2: (a) Metrology image of the KRT which has variable line width slits on the left
and a pinhole array on the right. (b) An image of a 30 µm thick gold half hahlraum with a
400 µm radius W sphere suspended inside by a glass stalk. (c) CAD image of the IQI which
is a hollow lead sphere with a circular patter cut into the inside edges.
gold cylinder. The halfraum can be seen in fig. 6.2 (b). The halfraum is used to demonstrate
the tuning of the SM-LWFA driven x-ray source by varying the target type and thickness
after the SM-LWFA. The clarity of the radiograph produced is representative of large fuel
cell and double shell experiments on the NIF.
The image quality indicator, IQI, shown in fig. 6.2 was the final target used and is
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modeled after the radiography target used in prior MeV x-ray experiments [79]. This object
is a 2 cm hollow lead sphere with a radial patter cut into the inside walls of the object. The
average radial density for the object is 7.65 g/cm2. This radiography object is used to test
the highest energy x-rays produced in our experiments and to show improvement over direct





Figure 6.3: Shows how the x-ray spectrum changes with the chosen x-ray generation mecha-
nism and target choice. (a-c) is a cartoon representation of each target used where the laser
pulse is shown in red, the SM-LWFA electrons are in blue, the target is grey, and the emitted
x-rays are in orange. The main x-ray mechanism is listed on the left: Compton (black), and
Compton plus Bremsstrahlung (orange and blue) corresponding to the spectra in (d) of the
same color.
Fig. 6.3 shows example x-ray spectra, using the techniques detailed in chapter 5,
from this experiment demonstrating how we tune the x-ray energy and photon number by
changing the dominant x-ray generation mechanism. Fig. 6.3 (a) shows the configuration
used for Inverse Compton scatter. Here we use a 100 µm plastic target to act as a plasma
mirror, reflecting the main laser pulse back on the accelerated electron beam, and generating
an x-ray spectrum shown in black (d). This x-ray mechanism provides the highest photon
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number,≈ 3 × 1010 photons/keV/Sr at 10-30 keV and should be utilized for radiography
applications of low to medium density. By placing high-Z targets, 50 and 250 µm W,
after the SM-LWFA we convert more high energy electrons into x-rays and enhance the high
energy, > 100 keV, photon production. Shown in fig. 6.3 (d) as red, 50 µm, and blue, 250 µm,
the addition of a high-Z W target increases the high energy photons to MeV energies while
maintaining > 109 photons/keV/Sr. The abilitiy to change the x-ray energy spectra to fit
an intended application in this fashion using the same electron beam driver shows great
promise.
6.3 Radiography Applications and Results
6.3.1 KRT Radiography
The KRT is a radiography test object designed to provide information on the source
size of the x-ray mechanism used. The varying width slits were laser cut by General Atomics
into a 500 µm thick tungsten blank. Fig. 6.4 (a) shows an experimental radiograph of this
object using a 250 µm W target to generate SM-LWFA bremsstrahlung radiation. Due to
manufacturing limitations, the material width between each of the slits is not the same width
as that of the slit. Additionally, due to the extreme focus needed in the laser to cut through
500 µm W, the edges of each slit are not straight edges. The V shape caused by the laser
cutting causes a gradient accross the edge of the slit as a function of x-ray energy.
To more accurately determine the x-ray source size from this radiography object, an
x-ray ray tracing program, HADES, was utilized. A model of the KRT was created in CAD
and used as the target in a HADES simulation. The experimentally measured x-ray spectrum
and photon number for a 250 µm bremsstrahlung source is used as the input to generate
the image in fig. 6.4 (b). Lineouts from the center of each image, black and red in (a) and
(b) respectively, are plotted in fig. 6.4 (c) to directly compare the experimental radiograph






















































Figure 6.4: (a) Experimental radiograph of the KRT using a 250 µm W foil target at the end
of the gas jet. The lineout region for (c) is indicated as a black line. (b) HADES synthetic
radiograph of the KRT using experimentally measured x-ray distribution and photon number.
A lineout taken accross the image is indicated in red. (c) Comparing the normalized lineouts
from (a) and (b), black and red respectively.



















































Figure 6.5: (a) Experimental radiograph of the KRT using a 25 µm Al foil target at the end
of the gas jet. The lineout region for (c) is indicated as a black line. (b) HADES synthetic
radiograph of the KRT using experimentally meausred x-ray distribution and photon number.
A lineout taken accross the image is indicated in red. (c) Comparing the normalized lineouts
from (a) and (b), black and red respectively.
comparing the KRT features, the experimental source size can be determined. Additional
work is needed on this method to produce accurate results, however, the method shows
promise and the simulation framework has for HADES simulations is complete. As shown
in (c), the resolution of the HADES image doesn’t match perfectly with the experimental
image. Additional work can be done to the KRT CAD model to improve the tapering at the
edges of each slit as well as iterations to more accuratly capture the photon yield.
Fig. 6.5 shows a second example KRT radiograph using a 25 µm Al target to generate
SM-LWFA driven bremsstrahlung radiation. The thinner, lower-Z material was expected
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to produce a softer x-ray spectrum with a smaller source size than that of the 250 µm
target shown in fig. 6.4. The photon number and and x-ray energy using the Al target
does appear to be lower in comparison, however, the impact on the KRT radiograph seems
small. Additional work is needed to more accurately determine the source size using HADES
synthetic radiographs.
6.3.2 Halfraum Radiography
The halfraum radiography object is a static target with similar attributes to an in-
tended application on the NIF during ICF experiments. Some NIF experiments use dense,
double shell fuel capsules suspended inside a high-Z hahlraum. To simulate this object we
used half of a 30 µm thick walled Au cylinder as shown in fig. 6.1 (b). A 400 µm radius
W sphere was suspended inside this cylinder on a glass stalk. Radiographs of this object
were taken using several different targets to demonstrate and study the abilitiy to tune the
SM-LWFA driven x-ray source.
Following the schematic in fig. 6.6 (a), the Inverse Compton scattering x-ray mech-
anism was utilized by placing a 100 upmum plastic target at the exit of the SM-LWFA to
generate a radiograph of the halfraum. The expected x-ray spectrum generated through
this mechanism is shown in fig. 6.3. The resulting radiograph is shown in fig. 6.6 (d) and a
lineout of the radiograph in (g). The ICS spectrum does not generate high enough x-ray en-
ergies with a great enough photon number to generate a radiograph of the tungesten sphere
in the halfraum. instead, we see a shadowfraph of the gold cylindar with a ×6 signal to
noise (SNR) ratio. The edges of the cylinder are well defined suggesting a small source size,
however, additional work is needed to determine the source size using the rounded edge of
the gold cylinder.
Placing a 50 upmum W target at the end of the SM-LWFA, shown in fig. 6.6 (b),
allows additional energy to be extracted from the SM-LWFA electron beam and generates a
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higher energy x-ray spectrum. This source is used to radiograph the halfraum, fig. 6.6 (e),
and a similarly a lineout is taken from the center, fig. 6.6 (h). An improvement of the ICS
source is imedietly apparent, as now the W sphere can be seen through the gold cylinder
walls. The lineout indicates a ×3 SNR between the vacuum and gold wall as well as the gold
wall and W sphere. Additional work is needed to determine the source size for this source
using the W sphere and the edge of the gold cylinder.
Finally, the x-ray spectrum is pushed to higher energies by using a 250 µm W tar-
get,fig. 6.6 (c), and the resulting radiograph is shown in fig. 6.6 (f,i). This x-ray source is
now becoming to high energy to provide an optimal radiograph of the halfraum which can
be seen through the diminishing SNR of ×2 between the vacuum and gold walls and ×1.5
between the gold and W sphere. The SNR is reduced in this radiograph for two reason:
First, the x-ray energies are becoming too high to be attenuated by the halfraum object
allowing the x-ray photons to pass through the object unobstructed; and second, the image
plate detector used to capture the radiograph is not as sensitive to the high energy x-rays
requiring higher x-ray numbers to result in a similarly clear radiograph. These complications
can be accounted for by using different x-ray detectors and choosing a higher-Z radiogrpahy
object.
6.3.3 IQI Radiography
The halfraum radiography object and single image plate detector began to show its
limitations when using thick, high-Z bremmstrahlung targets requiring a high-Z radiography
object and new detector to be used to continue testing the SM-LWFA x-ray source. For this,
we use the image quality indicator (IQI) radiography test object which has an average areal
density of 7.65 g/cc. To radiograph this object, a near MeV x-ray spectrum is needed and so
we used 1 mm thick W targets to generate MeV bremsstrahlung radiation. Fig. 6.7 (a) shows











Figure 6.6: Shows how the radiograph of a W sphere shielded by 60 µm of gold changes with
x-ray generation mechanism and target. (a-c) is a cartoon representation of each target used
where the laser pulse is shown in red, the SM-LWFA electrons are in blue, the target is grey,
and the emitted x-rays are in orange. The main x-ray mechanism is listed to the left of the
cartoon: Compton (black), and Compton plus Bremsstrahlung for 50 (orange) and 250 µm
W (blue) corresponding to the radiograph and lineout in (d,g), (c,h), and (f,i) respectively.
The lineout locations plotted in (g-i) are indicated as red lines in (d-f).
The image was captured on a stack of 12 image plates which are corrected for rotation,
magnification, and translation before being summed in post proccessing. Since each image
plate individually detects a small number of the high energy x-rays, the summation of 12
image plates allows for an image with a much higher SNR. The resulting radiograph clearly
shows features of the IQI interior and a lineout is plotting in (c), black. Shown in fig. 6.7 (b)
is a radiograph generated using a laser-solid interaction by placing a 1 mm W target directly
at laser focus. The resulting radiograph has a lower SNR and contrast than that of the
SM-LWFA source and can be seen directly in (c) where lineouts for both sources are plotted
together. The conlusion drawn from this comparison is that using a SM-LWFA to first
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Figure 6.7: Experimental radiographs of the IQI using SM-LWFA (a) driven x-rays and
direct laser-solid (b) with a 1.5 mm W target to generate MeV bremsstrahlung x-rays. The
normalized signal is shown as a lineout in (c) and indicates a higher contrast and signal to
noise ration with the SM-LWFA driver.
6.4 Summary
In conclusion, the SM-LWFA x-ray source developed on the Titan laser systems pro-
vides a radiography platform for several applications. We have shown in this chapter the
versatility of this x-ray source from low keV x-ray energy applications with the KRT to MeV
energies by imaging the IQI. The halfraum radiography target demonstrates the ability to
image dense fuel capsules through high-Z shielding typical in ICF experiments at NIF. The
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source is tune-able by varying the bremstrahlung converter target material and thickness
with enough versatility to match an intended application. This source also improves upon
existing laser-solid methods of generating MeV radiography sources. While additional work
is needed to fully characterize the results presented in this chapter, the SM-LWFA x-ray
source has demonstrated versatility in a wide variety of applications.
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Chapter 7















































Figure 7.1: Experimental Set up. (A) Image of the 65 µm CPC which is then fixed to a
2 mm Ta target. (B) Raw image plate data from the LTSF diagnostic placed at a -35 degree
angle from laser axis. (C) Raw image plate data from the radiography stacked image plate
detector. (D) Raw image plate data from the high energy x-ray detector, the quad-can. (E)
Cad model of the IQI radiography test object. (F) Raw electron Spectra measured with the
EPPS for Planar (top) and CPC (bottom) targets.
1 X-ray sources driven by SM-LWFA has been shown in prior chapters to generate
high energy photons useful for a variety of static radiography applications. In this chap-
1This chapter contains published information from: P. M. King, et. al., Submitted to High Energy
Density Science (2021) of which I am the first author. My contribution to this work included experimental
planning, execution, data analysis, and writing the published manuscript.
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ter we will explore MeV x-rays and radiography applications using laser-solid interactions.
Bremsstrahlung radiation, produced by the interaction of a relativistic laser pulse with a
solid target, provides a promising method of producing compact, MeV x-ray sources with
sub millimeter source sizes enabling radiographic capabilities of high areal density objects
while maintaining high resolutions [31]. To date, laser-solid bremsstrahlung sources have
been limited in their yields, reducing the abilitiy to radiograph high-areal density objects in
the most demanding MeV radiography applications in industry, high energy density (HED),
and inertial confinement fusion (ICF) experiments while maintaining a small enough source
size [80, 81]. On approach to improving the low photon number and MeV photon energy,
experimental efforts have focused on designing complex targets to increase and control the
hot electron population and energy of the laser-solid interactions. X-ray photon number and
energy through bremsstrahlung radiation increases proportionally with electron number and
energy [45]. These target schemes include adding preformed plasma to the front of a high-Z
bremsstrahlung target [82, 79, 83], as well as more complex nano-wire and micro channel
array targets [84, 85, 86, 87]. These methods seek to increase the laser to hot electron en-
ergy coupling through a low density plasma [84] or guiding the laser pulse to increase the
high intensity interaction length [88] before reaching the solid density surface of the high-Z
bremsstrahlung target. While several of these methods have shown promise, they require rel-
ativistic laser intensities (>> 1018 W/cm2) typically generated with a low f# focusing optic
not available at all laser facilities. Additionally, many of these targets haven’t been tested at
picosecond, kilojoule class laser facilities or have fallen short in being able to produce high
enough photon counts for some of the most demanding applications [89].
A novel approach approach to increasing the photon production in a laser-solid inter-
action utilizes the addition of a compound parabolic concentrator (CPC) fixed to the surface
of a high-Z target [90]. Assuming geometrical focusing, the CPC curvature re-points the
incident rays within a given angular tolerance to a smaller radius in a single reflection, for
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sufficiently short laser pulses with steep or short pre-plasma conditions. Work with longer
pulse laser systems show that plasma confinement in the CPC adds additional enhancements
not related to the geometric focusing [91]. Additionally, due to the large area of acceptance,
the CPC targets concentrate additional laser energy from the edges of the laser pulse which
are normally of a lower intensity. The combined geometric focusing and capture of additional
laser energy provide a large increase in laser intensity at the tip of the CPC. CPC-enhanced
targets are options for facilities which do not have access to low f# focusing optics, like
NIF-ARC, and facilities with long focal length lasers.
Bremmstrahlung x-ray emission from a laser-solid interaction can be approximated
by an exponential distribution (Ae−E/T , where A is the photon number, E is the energy
of the photon, and T is the effective temperature of the distribution). A depends upon
the hot electron number and temperature in the solid target. By increasing the hot elec-
tron number and temperature, the resulting bremsstrahlung radiation will be similarly en-
hanced [45]. When interacting with a solid target, laser energy is transferred to the electrons
primarily through the ponderomotive force. In cases of steep density gradients, the result-
ing Maxwellian electron distribution can be described by a ponderomotive scaling where:
Tpond = mec
(√
1 + a20/2− 1
)
[MeV] where me is the electron rest mass, c is the speed of






, where I18 is the
laser intensity [1018 W/cm2] and λµ is the laser wavelength [µm] [92]. The ponderomotive
scaling is accurate for high intensity laser-solid interactions with steep density profiles.
Here, we show a direct improvement in the production of hot electron temperature
and number compared to planar interactions, using an identical drive laser and high-Z tar-
get [93]. By including a CPC, this work reports an average electron temperature increase
of x9 from a planar kTe = 0.51 ± 0.25 MeV to a CPC kTe = 4.4 ± 1.3 MeV target using
identical laser parameters. In this manuscript, we show that the CPC target improves high
energy bremmstrahlung emission in photon number, integrated energy, and fitted tempera-
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ture by x2 over planar target interactions while maintaining the same, or better, source size
during the same experimental campaign as the electron enhancement. This improvement
in bremsstrahlung emission shows an enhancement of 1.53 in the signal to noise (SNR) of
high areal density static radiography applications. Additionally, utilizing x-ray ray tracing
programs enhances our ability to predict the quality of high areal density radiographs and
plan applications accordingly.
7.2 Experimental Overview
Our experiment was conducted on Texas Petawatt (TPW) laser system at the Univer-
sity of Texas at Austin. The TPW is a 1057 nm, 153± 13 fs, 109.2± 7.6 J laser system with
an f/40 spherical focusing optic with 50% of the energy contained in a 89.6± 7.4µm radius.
As shown in figure 7.1, the main laser pulse is focused onto the surface of a target package
consisting of 2mm thick tungsten disks with and without CPCs. The CPCs are 3D printed
plastic made by General Atomics and designed by scientists at LLNL [90]. The CPC targets
have an entrance aperature of 805µm and a tip size of 65µm, focusing >90% of the laser
energy into the spot with perfect alignment. An electron positron spectrometer (EPPS [94])
is fielded at a −35 degree angle from the laser axis. There are 2 different x-ray diagnos-
tics fielded to provide angular source information as well as redundancy in x-ray energy
measurements. The quad-can, a modular stack calorimeter made of alternating absorbers
and image plates (IP) designed by University of Texas at Austin and Helmholtz-Zentrum
Dresden-Rossendorf scientists [cite paper], is placed 2 degrees from the laser axis 2 meters
from the source to provide the spectral information used for the radiography simulations.
An IP-based detector, Livermore tantalum step filter (LTSF) [72], sensitive to x-ray energies
< 2 MeV, is fielded -35 degrees from the laser axis in the main target chamber. Finally, a
radiography test object, the image quality indicator (IQI), is placed behind a wide aperture
0.2 T magnet, used to remove on-axis electrons, -1 degree from the laser axis 50 cm from the
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source. The Tin-Cannon, a 12 layer stacked 100 µm tin - IP pair detector, used to increase




















































































CPC [mean Th = 895 keV]






















CPC [mean Th = 1023 keV]
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Figure 7.2: (A) The mean x-ray spectrum from the LTSF diagnostic for CPC and planar
targets, solid lines and the uncertainty due to detector energy sensitivity, shaded regions.
The data points are experimentally obtained through the DAT analysis method [1]. (B)
The mean x-ray spectrum from the quad-cann diagnostic for CPC and planar targets, solid
lines, and the detector uncertainty, shaded regions. (C) The high energy temperature, Th for
planar and CPC targets measured at -35 and 2 degrees from laser axis. The blue open circles
are the individual data points with the mean values and standard deviation plotted in black
(red) for planar (CPC) targets. (D) The integrated yield for planar and CPC targets at -35
and 2 degrees from laser axis. The blue open circles are the individual data points with the
mean values and standard deviation plotted in black (red) for planar (CPC) targets.
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7.3 CPC Bremsstrahlung X-ray Source Characterization
The use of CPCs in laser solid interactions shows up to ×9 improvement in the hot
electron [93] production and ×2 in x-ray energy and yield above 1 MeV compared to the
planar targets. Figure 7.2 shows the mean result of 9 (10) shots using CPCs (planar) on 2mm
thick Ta targets during this campaign. The x-ray spectrum for each shot is approximated as a
two temperature spectrum of the form C1e−E/Tc+C2e−E/Th , where C1,2 are fitting parameters
for the photon number [photons/keV/Sr], E is the photon energy [keV], and Tc, Th are fitting
parameters for the temperature [keV]. (A) and (B) show the mean x-ray spectrum from
the -35 and 2 degree x-ray spectrometers using forward fitting analysis methods [1, 96]. The
analysis results in a mean measured x-ray hot temperature (Th) of 895±93 keV and 1023±111
keV for the LTSF and quad-can detectors, respectively. The results from both detectors agree
very closely with one another while indicating up to a 3x reduction in photons/keV/Sr in
the LTSF detector compared to the quad-can. This reduction in photon number between
the detectors is likely caused by the angular distribution of the emitted bremsstrahlung
radiation, but may also be due to added background noise in the raw LTSF data due to
not being behind a sweeper magnet to deflect low energy electrons. Both detectors show an
increase in production of high energy photons over that of a planar target interaction, ×2
(×1.8) for the LTSF (quad-can) detector. The mean Th for CPC and Planar interactions
for each detector is plotted in (C) and indicates a ×2 increase in the fitted temperature
when using a CPC. Additionally, the integrated yield of each measured spectrum is plotted
in (D) which again shows an improvement, > ×2, in CPC photon production over planar
target interactions. We hypothesize that the larger uncertainty in the integrated energy
measurement between the CPC and planar targets is caused by target alignment and laser
pointing fluctuations causing the laser to focus off center of the CPC. Improvement in CPC
target alignment and laser pointing stability will improve the CPC uncertainties.
Target and x-ray detection limitations are the likely cause for the discrepancy in the
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×2 improvement over planar targets in high energy bremsstrahlung photons and the ×9
improvement in hot electron production seen in [93]. Our x-ray spectrometers become less
sensitive at x-ray energies above a few MeV and depend upon the low energy content to
provide spectral reconstruction. We hypothesize that, while the 2 mm Ta target used to
generate bremsstrahlung radiation in this experiment is a good match for generating high
energy x-rays for the measured 4 MeV hot electron temperatures, low energy electrons and x-
rays wont escape the target thus reducing our detection sensitivity. More work in optimizing
target thickness with laser driver is needed to more closely match the photon enhancements
with the measured ×9 electron improvement. Additionally, Future work to measure the high
energy tail of the x-ray distribution is needed to better understand the production disparity.
This may be accomplished using nuclear activation measurements.
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Figure 7.3: Raw experimental images of the IQI recorded on the Tin-Cannon detector. 1
through 12 indicates the IP location in the stack with 1 being the front and 12 being the
back IP.
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7.4 Simulated and Experimental MeV Radiography
The high energy x-ray production of CPC-enhanced laser-solid interactions show an
improvement in the quality of radiographs possible for high-Z objects. Figure 7.3 shows
experimental radiographs of the IQI test image using the Tin-Cannon. To increase the
absorption of MeV x-rays in IP [76], a stacked detector is used to improve the signal to
noise (SNR) via enhancements in florescence and Compton scattering in a high-Z material.
Each image plate records a radiograph which is then corrected for rotation, translation, and
















































































































Figure 7.4: (A, B) Experimental IQI radiograph of the CPC and Planar target (left and right,
respectively) after summing the deposited signal on all 12 layers of the stack detector. (C, D)
Synthetic radiograph of the IQI using the CPC and planar target, respectively, created using
the HADES code with experimentally measured x-ray energy and photon number. Line-outs
through the center of the CPC (E) and planar (F) experimental and synthetic radiographs
(indicated as dashed lines in A-D).
An ideal radiograph will have a high SNR, determined by comparing the peak signal
to the noise floor of an image, as well as high contrast, comparing local peak to trough signal
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of a feature. A low temperature x-ray spectrum will provide high contrast images of the
shadow of an object, shadography, but have low contrast of internal features. However, an
x-ray spectrum with too high a temperature will not attenuate enough through an object
providing a low contrast image inside and out. An ideal radiograph will have the correct
x-ray spectral content and photon number to provide high contrast inside and outside of
the target object while maintaining a high SNR. Figure 7.4 shows the resulting combined
IP radiograph of one shot each using a CPC (A) and planar (d) target. The SNR of the
experimental CPC and planar radiographs is 16.5 and 10.8, respectively, and a peak contrast
of the internal features of 1.8 (2.5) for the CPC (Planar) source. The higher contrast from
the planar source is due to the lower energy content of the planar x-ray spectrum.
7.4.1 Source Size Calculation
The source size of each target is obtained by using a forward fitting method of the ra-
dially averaged edge of the IQI image [97]. The radial lineout of each radiograph is compared




Where Sig(x) is the analytic signal, Spec(E) is the x-ray spectrum, µ(E) is the
attenuation coefficient, ρ is the material density, dl(x) is the x-ray pathlength, and IPs(E)
is the energy dependant IP absorption. Signal(x) is then convolved with a Gaussian source
where the width of the Gaussian is a fit variable. The convolved solution is compared to the
experimental image to determine the source size assuming a guassian source profile. Using
this methodology results in a source size of 706 and 730 µm for CPC and planar targets,
respectively. This result is similar to the measured source size of prior experiments [31]
providing confidence in the measurement.
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7.4.2 HADES Simulations
To improve upon radiography target design and experimental planning of the CPC
x-ray source, an x-ray ray tracing program developed at Lawrence Livermore National Lab-
oratory, HADES [98], is utilized. The experimentally measured x-ray energy spectra, source
size, and integrated photon number are used as inputs to HADES. An IQI model, using
a configuration with an Al band installed in the center, which was not present for the ex-
periment was used. This creates a high signal region separating the two hemispheres. The
energy deposition and point spread function of each of the 12 layers of the IP detector stack
used in the experiment were simulated using a monte-carlo code, Monte-Carlo N-Particles
(MCNP) [99], and included in the HADES program. HADES then outputs 12 images, one
for each IP in the stack, which are run through the same post processing as the experimental
image to correct for translation, rotation, and magnification before being summed to pro-
duce a single synthetic radiograph. The results of this process are shown in figure 7.4 (b, e)
using the x-ray characteristics for a CPC and planar target, respectively. These images have
been altered in post processing to remove the Al ring between each IQI hemisphere to more
closely match the experimental image. Additionally, the CPC (planar) HADES radiographs
have been multiplied by a factor of 500 (1000) to be plotted on the same color scale as the
experimental images, Fig. 7.4 (a,d).
7.4.3 Radiography Discussion
The HADES synthetic radiographs qualitatively are a good match to the experi-
mentally obtained images shown in figure 7.4 (a, d). A lineout through the center of each
experimental (white dashed line) and HADES (red dashed line) radiograph is presented in
fig. 7.4 for the CPC (c) and planar (f) sources. The synthetic lineouts were modified to re-
move signal from the Al ring in the CAD model that wasn’t present in the experimental IQI.
The synthetic lineouts show good agreement to the experimentally measured radiographs in
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the top hemisphere (negative positional values [mm]) but diverge where the CAD model dif-
fers from the experimental object in the lower hemisphere (positive positional values [mm]).
This close agreement provides confidence in the measured x-ray spectra, photon number, and
source size which were used as input data to the HADES code. The added statistical noise
of the synthetic HADES radiographs is likely due inaccuracies in the image plate modeling




























































Figure 7.5: Experimental radiograph using a CPC (left) and planar target (right) through
0 (a,b) and 1 (c,d) cm of lead. The areial densiy of the IQI (lead) is 7.56 (11.34) g/cm2
which totals 7.56 and 18.9 g/cm2 in regions i and ii, respectively. The numbers indicate the
multiplicative factor used to plot on the same color bar.
To further explore the higher energy photons generated by the CPC source, additional
high-Z material is placed in front of the Tin-Cannon. Shown in fig 7.5, the CPC (left) and
planar (right) sources are used to radiograph the IQI with 0, and 1 cm of lead in front of the
detector, resulting in a total areal density of 7.56 and 18.9 g/cm2 for quadrants (a,b), and
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(c,d), respectively. Comparing the experimental results in quadrants for the CPC (c) and
planar (d) sources indicates an improvement of the CPC radiograph to the planar radiograph
by a factor of 3 in yield. Features can still be seen through the additional 1 cm (11.34 g/cm2)
of lead shielding for the CPC source while it is already difficult to see the edge of the IQI
for the planar source. Additionally, the signals in quadrants (b) and (d) of the planar source
had to be enhanced by multiplicative factors, 2.5 and 8 respectively, to be plotted on the
same color scale as the higher yield CPC source.
7.5 Summary
In summary, CPC enhanced targets show a more than 2× improvement over planar
targets in the production of MeV photons while maintaining the source size for high resolution
radiography applications. The enhanced MeV x-ray source is capable of radiographing high-
Z objects through as much as 18.9 g/cm2 of shielding using 120 J of laser energy. Increasing
the laser energy to those found at large laser facilities like NIF-ARC and OMEGA-EP,
promise to increase the MeV x-ray production further and solidifies the usefulness of CPC
targets to meet the needs of indusrial, HED, and ICF applications. The robustness of the
HADES package also provides a valuable tool to design experiments and radiography targets
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J. Crane, J.-M. Di Nicola, T. Döppner, S. Dixit, G. Erbert, B. Fishler, J. Halpin,
M. Hamamoto, J. Heebner, V. J. Hernandez, M. Hohenberger, D. Homoelle, J. Honig,
W. Hsing, N. Izumi, S. Khan, K. LaFortune, J. Lawson, S. R. Nagel, R. A. Negres,
L. Novikova, C. Orth, L. Pelz, M. Prantil, M. Rushford, M. Shaw, M. Sherlock, R. Sig-
urdsson, P. Wegner, C. Widmayer, G. J. Williams, W. Williams, P. Whitman, and
S. Yang. High-energy (¿70 kev) x-ray conversion efficiency measurement on the arc
laser at the national ignition facility. Physics of Plasmas, 24(3):033112, 2017.
[90] Andrew G. MacPhee, David Alessi, Hui Chen, Ginevra Cochran, Mark R. Hermann,
Daniel H. Kalantar, Andreas J. Kemp, Shaun M. Kerr, Anthony J. Link, Tammy
Ma, Andrew J. Mackinnon, Derek A. Mariscal, David Schlossberg, Riccardo Tom-
masini, Scott Vonhof, Clifford C. Widmayer, Scott C. Wilks, G. Jackson Williams,
Wade H. Williams, and Kelly Youngblood. Enhanced laser–plasma interactions using
non-imaging optical concentrator targets. Optica, 7(2):129–130, Feb 2020.
[91] G. J. Williams. Order of magnitude increase in laser-target coupling at near-relativistic
intensitiesusing compound parabolic concentrators.
[92] S. C. Wilks, W. L. Kruer, M. Tabak, and A. B. Langdon. Absorption of ultra-intense
laser pulses. Phys. Rev. Lett., 69:1383–1386, Aug 1992.
[93] D. Rusby and et al. In Review, 2021.
[94] Hui Chen, Anthony J. Link, Roger van Maren, Pravesh K. Patel, Ronnie Shepherd,
Scott C. Wilks, and Peter Beiersdorfer. High performance compact magnetic spectrom-
eters for energetic ion and electron measurement in ultraintense short pulse laser solid
interactions. Review of Scientific Instruments, 79(10):10E533, 2008.
[95] Nicola M. Winch, Scott A. Watson, and James F. Hunter. Modeling blur in various
detector geometries for MeV radiography. In Thomas G. Flohr, Joseph Y. Lo, and
118
Taly Gilat Schmidt, editors, Medical Imaging 2017: Physics of Medical Imaging, volume
10132, pages 981 – 996. International Society for Optics and Photonics, SPIE, 2017.
[96] A. Hannasch, A. Laso Garcia, M. Laberge, R. Zgadzaj, A. Koehler, J.P. Coupe-
rus Cabadag, O. Zarini, T. Kurz, A. Ferrari, M. Molodtsova, L. Naumann, T. E. Cowan,
U. Schramm, A. Irman, and M. C. Downer. Compact Spectroscopy of keV to MeV X-
rays from a Laser Wakefield Accelerator. Submitted to Scientific Reports, pages 1–16,
2021.
[97] S. F. Khan and et al. In Review, 2021.
[98] M. B. Aufderheide, G. Henderson, A. E. S. von Wittenau, D. M. Slone, and H. E. Martz.
Hades, a code for simulating a variety of radiographic techniques. In IEEE Symposium
Conference Record Nuclear Science 2004., volume 4, pages 2579–2583 Vol. 4, Oct 2004.
[99] Los alamos scientific laboratory. group x-6, mcnp : a general monte carlo code for neu-
tron and photon transport. Los Alamos, N.M. : [Springfield, Va.] :Dept. of Energy, Los
Alamos Scientific Laboratory, [for sale by the National Technical Information Service],
1979.
119
